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FOR-eWORD 


A state in power tranemiRslon has roachca in India 
when the presently plannr-d and installed 400 kY system will 
he inadequate to handle the needs after 1990 • Powers ran- 
gin.?: from 3000 MW to 20,000 MW must be trnnsmitted from giant 
power pools (both hydro and thermal) to load centres 500 to 
1500 Kin away. The future needs In choice of extra high 
voltago ( ac and d#) i^ the moat difficult decision for Indian 
power ©ngjoeors. Thus, the prof osa ion of power tr.ansmission 
is goirig through a very exciting period. With this in vi«-w, 
the Bloirtrical Bnginoering Department of the T.I.T. Kanpur 
has orgaiiiaed this Short-Term In-Service Training Programme 
Course on Problems of BHV Transmission Including Tr-’^ns innts • 

Tho Bubirct matter is restricted to trnnsmisolon only and not 
to interconnection of t'*h.v. liin's into a network. Thus it 
refers to the next higher lev;l of veltagc that will ovorl-ay 
the existing 220 kV ana 400 kV nrtwsrk of lines. Thr probl. ms 
that need appreciation and solution aro relat'd to high-voltage 
phenomena such as switching ov..-'rv'/ltag''s , lightning ovr-rvoltag-’ 
radio noise, audibl - neino, olectrcatntic fi lo, shunt and 
series oomoensat ion, pro t;* ct ion uning digital methods and 
fault-sons Ing by tr^.veliing waves, chnract' r-ist ice of long air- 
gap flashovor, end allied tepicn, Simulation of dc tr'Uia- 

mlssion systems for transi ’ut p' rformaacc is also covered. 

With volt.',ge8 on tho incr.r so, sub-stiatlons are 'boc'yniiiig Vv-^ry 
largo and cl'- ctromagn- t ic int' rf «.rc.nco to m-- aeuring, proteefcim 
and signal ( communicat ion) circuits using convant ionol co-axi'-il 
cables In becoming a serious enough problem t^ replace' th'm 
with optical fibre cables. Many mrasuroment .atid control asp; cts 
arc now being taken over by dedicati d microprocessors. An 
effort has bfon made to include thono two topics in th" lecture 
sorirs. Static Varr systems ana high phase .jrder hav also 
boon touched upon ns future dovolopmonts indlcabe that they 
might find unc In India. 



A volume ounh Mi thio 5tT fcV r''nalt ol' the combin-'d 
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Thf' st'\fl oX the High Vol*;aga Laboratory did^all t)i chor n 
r'-quirfd in putting thin voluna to 5 ’:''thcr. ./ithoufc fcht'ir 
efforts, wo would have b-: on Huriously hnjidlcapp d. Wc acknow- 
Icdgo our thanks to Sri Ghor' padn and Sri H :.m Aut%r. Ori 
Yogendra Chandra did all th., t,yping, (som'timos v^ry difficult 
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NoteSon this topic are pr*»p»red from the Workr^hoppapers 
presented by Dr. P- Sarma Maruvacia oi IRBQ, Canada for ’Conference 
and. Workshop on BHV fechnolo^^y ' , An^?:ust 19^4, Boni^elore. 

n^TROBl/CTIOfi 

During normal operation, high-TOlta-s?:® transmission syatoms 
produce elec trom-v^ne tic in fcc>rf err'ucr ovr a wid« ranro of irequeu" 
ci^'S. Ihis inb' rf > rr'ncn gen ' rally has its gr- at»*'Bt impact on 
■broadcast radio roo'^ption (0 .5‘59 MBz - 1*605 Mz) ruad in commonly 
desi!5nat.-d as radio int "rf <’'rcncc! (Rl) . It may also hav/ an apnr''- 
ciabl-' impact on broaacnsttolt-vls ion recaption (34 MIlz-2l6Mhz) , in 
which case it is roferr'*d to 'is television intc ref t rr nca ( TVl) , 
but from a practical point of view it in RI which la the more 
important factor to b' talon into account in th:- design of high- 
volt.ag-' transmission lin a and stations. 

G^n eratipn of .Rl 

The main sourc' a of RI on tranmission linen »uid in otibionn 
are corona and gap-typo dlachargoo which occur on codductoro, 
hardware and insulators. Such discbarg.'s occur oxtr rnally, wh^ro 
air is tb' dicl-’ctrlc rn* dium, iut iataranl dl'' charges c^in also b-'' 
product.'d Ineido the dielectric mat'-rialn used in station equip- 
m.-.iit such "O transform ra, circuit br< ik.-rn, etc. 

Corona dinchargf s occur in rogiono of high electric field 
surroundiug transmission liin; oouductors, stations busbars end thr 
associat- d hardware. Th‘t:y arc duo to accol .ration of el 'Ctrohs in 
the- high electric field .and the rrsultiag fumulative tonigiat ion 
and partial breakdown of air. The nature or ’mods* of corona di*!- 
charge occuring near a conductor dep'uds to a larg" extent on the 
shape of the ounduct.''r and the polarity of the voltage applied to 

it ( ’negative * or ’positive oorona mo cos) # Irr.oepoct ive of th. 
conductor polarity, corona mod s may be furth'^r classified on the 
bad is of temporal var|.at.loao in tb*’ discharge process as woll as 
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iii fh*. curronbs inci.ac-'"d in tlir conductor; g.lov coronio, in which 
the v nr in t ions arc very slow or even noncxistont , and pulso.tivc 
coronas, in whi.ch the varioti.ins nro very rapid. Only pulnativ*.- 
coronas (of either polo.rity) con |P:1 vo rir.; to RT. 

flo>n:otivc pulsativo corouo, fr, uorally kn'.wn as Trlchoi pule- 
corona, is choractorizod by ‘a doubl'':-oxporinr ntoJL current w''Vt't':rto 
with a rise titno of 5-10 ne, ari amplitude of ici^o bhon 10 nA 'vnl a 
total durati.'n of 150-200 ns* Poaibivc puloativc cornia, or P'.'- 
sitivc st^CRjiH/r corona, is f’lso charact ' rized by a doubl "-expen' n- 
t ial current waveform with o. rioo time of somt 50 ns, a much, 
larger amplitude of the order of 100 mA and a total ciuratieui. -'i' 
about 500 ns. Throo nogativo f'nd positive pulaativo coron 'S iccur 
on conductors having the respcctlvo polnritif s of a ifC tr un;r,' if.n i ni 
line or during the negative and positivt.; hrlf-cyclon of v'lt'\g' 
applied to the- cyMiductors of an AC tr.aiisudss ion lino* 

Pigur<' 1 shows positive* and nr-gativt. cor'ma curr*. nt pulse 

1 

shapes rccoristructod in the form of a sketch by Rakoshdas . 

Typical frequency spectra of positive and negative curTt^nt puin'«o 
are shown in Riguro 2. The frequency spectrum ol the. positive 
pulse has a higher initial amplitude than that of the nc'gativc* 
pulvsc but falls off much faster with froquoncy. From th** point of 
view of RI, therefore', positive corona pulses ''.ro much more inpor- 
tan than nogativo*' Thus, only the positive-polarity conduct-oro of 

a bipolar DC trarisnios ion' linr aro assumed to contribute to its Rl 

* •< 

level* Similarly, only the positive -half -cycle corona is assuos. d 
to contribute in tho RI lovoi of AO transmission linra. Similar 
cons idc-> rat ions apply to corona-gonr rated II from AC '\nd DC st'»ti-'nn. 

In contrast to corona, gap discharges occur between ol?ooiy 
spaced conducting, aiad somo\jmo8 insulating, surfac’s and represent 
a complete breakdown of the interclootrode space. .The result jug 
current pulse is loharactcrizeU a steep rise time, largo curr^'ot 
amplitude snd very short duration. Gap discharges thoroforo pro- 
duce very high levels of RI as well as T?I but fortunately they 
occur only, rarely 'on high-voltsgo tr.ansmission systems, usually 
being oonfinod to AO dis.tribut ion lines . 



Corona and. iCap a iach'^rri’.'Q , t' i 1. ao-T ^'Xtcnt fch' iiit- t — 
nal the parti ,al diBchar^oo of cquipp'cut, account for the Ri fror' 

AC stati"'Uf!. Tu DO o'"iiv.r‘‘, r ot'^tionn, h^wov'.'r, the p.-ra-,'.; tiaru-'.'u 
and bum-off oa* the val^/oa in n. prcdonjri'uit nouax;-'. 'f HI b'.cau'*c 
the switchhi" tip’-n in h^th c'»ri''n ar" very .short, uaually ot. the 
order of n. few picron 'couao. Duran,"; both 'th' of. np- r-'tj 'a--:, tr'iti- 
s lent vcltayea and currents app.''-''.r In the nyo be n «, rfsalt; i 
the rrC is trihution of the otK vfrj stor- d in the r' active ci.'p.'utc 
hufore now 3t'"ady st-at', is r-'-ach d, but turiwni yen. r'<t r'.uch 
hi^h' r-Xrc quf ncy tr ansi oats aui,. in th r' f'.'r'. th p-, in s arc* 'o' HI 
frop DC convert' r ntati.ins. 

In th'" addition to th. source d/, ncr ib' .'i .ab''V' , v/hich '*■ n< - 

r'\tc olpont continuous or sfc at .y-'' tote HI, tho ocoass i'3u i,l op ra- 
tion of ertain typ's of cquippont in bath AC ‘‘•.iiu DO ntat’’ >un, such 
'\a circuit br*' ak-ero or clJsc''ua ctin.": r,witch<n, ,‘r<-n«'r.att. n hifth 
lovc.ln of tr'uisienfc *' I.'ctr.-p'v:n tic Int'rt'i "'ucc but thir* tyi>c '.f 
intnrf'' '"'■nc'' in outsit.' the nc'pt f th present discunnlou* 

Cnloulat j Ui of HI 

Althoup;h the Rl Involn of both tr.anBPinn ion lin‘’s .and 
stations are hi/rW.y v triabl-: ana can be pcau iarfully dracribi-d 
only by ljn,R:-torrri po.asuromi HvO '\na ntatintical .'in.alysia of data, 
calculation pt'thodsprovido o un''ful phyfjic'dl inaifeht and may 
reduce the amount oi d.ata nead'Vd. A brl' f revi-'-w. of RI calcula- 
tion m-athods in th roforo f^ivrn bflov/* 

Iranr.mi.sn iem Lin- p; Fnc principal .sourc." of RJ from tr^'iismiss iOii 
liner, is corona, which occurs rofidenly nl-on.'^ th"* conductors wV-fo- 
evor surface d'^fc-cts, or/tanic or irii.' r,y ’ui ic d-'ipositn, raindropfs or 
snowflakes ar^ loc.at- d. Each orona n:>urce in turn inji'cts raiidop 
current pals -n, ch'^'racteriZ'' ct by f'*lrly oonstont vraveshop- n but 
randomly varyinf^ .ampl ituu "‘s and palsr*-aoparat I'^'n intervals'. 

The current pulse lajcctru by a corona source divltieo 
oqufdly s,aci propagat ‘-'0 la both directiono, ouffrrinR attenuation 
and distortion as it travels*' Thus, at any given point on thr 



coaciuotor, the r'-’sult itig current will b<' contpoe'"tror tr-'inn ni 
rnndom pulaen gen^'retod nt dil'l'cn.‘nt dlntenc-n on both aici''o end 
consAquon+.ly undergoing difi'ereat dcgr> or. '.'t ettcnuotl ai ond uin- 
tortjon. In addition, _ the propag'^t of curr"ntn -Hid v ni 

one coaduct'.'r in infla<"accd by mutu-'l coupling t'' th '-th' r pL’-o., 
con luctoro in the case oi an AC lin.) or t’'' th. O'th.T pol.‘ f bC 
linn. Both cpnductor '•unci ground impo iiiiic' ch'irnct rritfico, wh'oP 
vary widely with frequency, must be token into aconuat ht calcu- 
lating attenuation and distortion effects, which makci H'J propa- 
gation analysis on mult icon due tor trfuismiss Ion lias ojttr- r/nly 
complox. 

The most important application of such cnlcul-’.t Ion m.thoun 
is to predetermine the RI charact'Tist ics oi a propoo'’d 1 In ■ 
design but unfortunately it is impoasiblc to count sol.'ly on pur' ly 
analytical methods for this purpose. iyr‘''aour'.'mntiito arc etmcntlal, 
which means that tf^sts must b,- purform^'d on conductorn elth r in 
cages or on t^st liin-'S to obtain the rc'quir'‘d data# 

Empirical methods are also av-silablf^ for predicting the HI 
performance of a propooc?d traeismissien line. Th«‘ao •■'re baned on 
©mpiricnl formulae dcrivetd from large volume of nif arsurod data. 
Typical formulae for AC transmission linos -irc summarised by lESE 
Committee Report. In 1973 /2/ App:adix I and II. 

Stations • flo analytical mo.thcda n.r"' currently availabl'' for 
calculating the RI fr''m high-volt^go iC ntatlonn although si.imo 
computational methods exist for determining the RI goicratcu by 
HVDO converter stations. Referonco'^ gives om. such m.'thod which, 
while basically still valid , has recently b.* cn* improv.. d with 

respect to the me-ans of determining the high-f requ'-’ncy equivnl- ut 
circuits for-tho different components of bho converter station. 
Th<=so itaprovoments , alongwith the more tffficiont computer codes 
now available, promise the dovelopment of more accurate prediction 
methods in tho near future. 
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Fi^.1 . Positive find &lo/?:-it;ivc Corona Current Pulse Shapes. 



i'iE»2 Fraquoacy Spectrum oT Positive 
and defeat i VC Corona Pulses 

R1 PiiOP ‘/lAP ION Ai'J AI. CJ JC 


Intr o du pJi, ion 

Corona on triiismioo ion line conouctora aerates random 
current pulse trains, which prop.rM5;ata «alon?’ the line unoernoiag 
attenuation and distortion. The ob.ioctive of the propa#?aticn 
analysis is therefore to detcrmifio, from a knowledfjc of iorona 
generation and the electrical oharactorist ics of Hhc lino, the 
RI curr'''nts at any poinb along the lino and subsequently , th; El 
field sty.'W.th at points under the line. Sonv' basic concepts 
involved in the propagation analysis are reviewed below: 

A.. Powe r density sp<'ctra of r a ndom signal^. Th- RI periorm'inco 
of transmission lines is gon-.^rally exprcissod as a function fre- 
quency. CbnsoqU'-'ntly, the RI propagation nnalysis should also be 
carried out in th*^ frequency domains. It is th-rofore aecossary 
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to dotrrmiiio tho mont appro pri-T to ni<.*tbou of r'^pros'^ut iu" th: 
gottornt ion , propngatioa aiici mcasar'‘'i"‘ nt aopcctr? of RI in fchr 
frrqufincy domalno. . 

For periodic or tronsirut sigmlrs, uniquely df f in. d in th:’ 

t iwr. domain':, Fouri r tr'uiaform t.'chni.^u o arc* uacd in on-Unr to 

roprf'nont them in th'’ fr»'qu{-ncy domains. However, ' 3 iac*-* cor-nr'- 

genaratod RI is char xetariaod by pulao trains, in which both th • 

amplitudes .and separation tim's of the puls^*3 vary randomly, 

convent iorial Fourier tr'nfiforni tv'Chniqu<’n emmot b-' used. Tlr 
most appropriate method of repr-'eaemt ing such signalo in th-' fr.’'- 

qucncy domaino is in terms of pow^ r density sp- ctrum, which is 

related to the m^-an square vaLu., of the signal rath r tha.'i the 

instfuitancous amplitudes. Iho conc-'pt and some properti'-s tiv 

power density spectrum arc explained in the follov;ing. 

Oo ns id''- ring a random signal f(t), the av:-ragr. power in tho 
signal is given by 

11/2 

P = 

is’ scon that P as dofin d by ( 1 ) also corr', sponuo, t-' tho 

p 

m-oan square valuo of f(t) , i.t f ( fe) . 


Lim 


i 

T 




/ 

' T/2 


f^(t)dt 


( 1 ) 


now it is assum'd that f(t) is .truncated outside- 

> P/2‘, the Fourir-r transform of th*: resulting signal f t) 
be defined as Fj(w). Th*- .'-nergy of th*-* signal f.p(t) ie 


it I 

may 

.':iv.-,i 


by 


B 


T 


. / ■ f^ {t)dt 


. U 


By applying Parseval's theorem, we got 






B 


T 


f^{t)dt =: j jP^Cw) I ^ d w 


^ 4 ^ 


( 2 ) 




(3) 
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But, by dc'f iuit ioii, 


f t) dt 


f t) dt 


Us inf; (3) and (4) 'in (1), the. a-v« r'v;c p.-w.-r is r.iv "a by 

T/2 

'>'/7 ? 


P = Lim ^ 


f^-(t)dt 


I 

/ L 3.rn 


B™( w) 


dw ( b ) 


T^- '••■■ 


In th-'’ ab'.’Vf* '^(luation it in Qf th-'t an I incraan'. s , th' f.nra''y 
oi f^( t) and hfticc hvuc j | “ *tLrv> jncr'^'ac'. hi 

the' limit as th'- ciu.aatifc-/ jc’,,,(w) |^/r may atiproach a limit, 

rj^oxists, we (M iac cp( w) , th'- ;>?'•/' r ''.'.unit./ sp-ctrum o± x(t), »b 

li'mlw) I 

<p( w) ■• - L im { 6 ) 

T-k-''" 


The- avt r%'^a poe^.-r P iti ti..‘,* as 

T/2 ••' 

P ssjf^Ct) =: Lim / f'’'{t)dt = I (p(w)dw ™ 

a, ~T /2 « ^ 

' 

j 9(f) .If (7) 

’ “ 2 
■whrrc w* = P'ltf . It may bo noted thnt, since jFm(w)| * 

F^(w)Fj ( w) Fj( w) 9 ( w) is an even function of* w . Equation 

(7) may thoroforc- bn wrifct--n as 

' 

jp « ^ I 9(w)iiLis 2 I cp(f)df (&) 

It is seen from (6) that th-^ power density spectrum ratlins 
only information of magriitudf of thr frnqufincy spectrum ^j(w) and 



thn,t the phase Ixif ormatioa is lent. It i't -dso clear fron (8) 
that th>' power sp' ctral apasi';y rf)(f) r-. pr- ra-tn pawc^ jn 

th' siKual f(t) at tha frequeucy f. 

Soma prr't>'‘’rt i ' 0 ef aawf r a- npif/ '•’P '-ctr'’ which v/iJl br U'ic- 
ful later ou are surninarize'd below: 

a) li’ a raadom sigarl tj_(t), havitw*; n power ucaaity spectrum tp.j( p’) , 

■ is pasapd throUfTh a lia*. ar flit' r ‘dof iac >„l by o tr-'orl r .t'uact- 
ion H{w), the power doasity spectrum ^^(w) ol the rasultia^" out- 
put signal is obtained as 

9q(w) = I H(w) 1 ^ 9j(w) (9) 


b) If several rai:idoni signals having 

po^fer density spectra t rropect ivaly , 

are passed through a lin''ar filt^'-r defined, by a transf.’r func- 
tion H(w), the power density sp -ctrum cp^iv) of the resulting 
output signal is obtained as 




i=1 



9ij(w) 


( 10 ) 


c) If a random signal fjj^(t), having a power ci.’uslty spectrum ^.^(w) 

■ is passed through- an ideal bandpans filter tun"'d to a fr cu.”noy 
f^, hnving'uiiit gnici and a b.-aiidwidth C'f , tb-^ rmr. value; of 

the result ing output signal is obtain'd ao 


“rns = V-a-???;! f (11) 

where donoteg the power spectral density of the input 

signal at the frequ'-ncy of tu -ning f ^ . 

Ihe property described in ( c) above arid, the equation (11) 
give, a method of measuring the power density spectrum of a olgjial 
us.;ing a radio noise meter which has the capability of m' asuring 
ras values. 
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B. RT cxcitHt jon runction; Th<. n,tioa of RT occurs nv'r th--' 

ontiro lo-igth of coi'iUact‘.''rs i ■' o trunstn-iss ■j'-'i liue. fho p;oac-r'i- 
tion 00,11 be clth*’r uri if nm', or n'’riun iiorni nr.-'r th’*' lonf*:t:la of the. 
line dop'-riaiag ou wh'^th!" r tb. • th;' r coa-iitr’cs uii jfoTTii ovt'r 
tho laigth of tho firi ' or portfMio of th - liri ’ ore subj':, ot to 
difforont wcother ccadltjoas. Th ' ‘concept of Rloxcit-it ion func- 
tion has been found to b-' very une ful 'In th-'^ 'Ui'ilyHis ol RT fr^^m 
transmission linoo in cn.300 of both uniform ond nonuniform cor.’-no 
g-n- ration. 

For th'' single, caaductor tra-ism inn i -n line shown in Fi,g.3i 
cousi'Jor tho movcni'-nt a charge j g- nr rated by c'^rina to th • 
vicinity of th>; conductor- The currc'ut d in tho on. .act r 

due ti the motion 'if th. ch'-rgo' m’-.y b;* .?btain d by apply in/’: t!r 
Shack-lcy-Ramo thc:or':'m» as 

i = f -F . V _ (12) 

< t f ' «* 

' V., v 


ij ig - 5 * 


whore, B is tb v-'ctor ol-'ctric f iolu, at th-j paint whor- the 
charge is locat. d, prodac.d by the appl Icat fin 01 ’ a unit potoiiti- 
al %'■> the conductor, and v 1 ''=' tb- vrioclty of the charge. Tho 


*Tha ShocJsloy-Ramo theorem stater, that, in a mult iol." ctro lie syst'‘'r, 
the current induced in the kth nl.'ctrodc duo I') _|hc' motion o£ a 
charge >’ with a velocity v ia given by !.=• where "S- Is 

the ol'ictric field v'-'Ct'.ir praiucod '’t thr^poinf whoro tb' charge 
is located by tho application of unit potonti-ii on the kth olr-c- 
trodo and zero potential on f'll the other alactr‘’'dc.s . 





rl;,ctric X iold jpi rndl'^l rir-'xr tb c' u-'.uct'r r nari'^cc wh.ro 

cjrouri occurn, nud its m-uiuitudc in "by 


'JDho curr'.-'ut 


B 




iiiuacccl in tb*’ c':uiiuc t"' r 


in 


tb rt i ' Ti 


( r^) 


an 


1 


.. 0 ■ ^ 

27te^ 



( 14 ) 


whcro' Yy is tbo rauial V'.li>city oompoucnt oi tb'- char'^f . Briu xth'. n 
( 1 4) can bo rowritton r\B 


C 


. (; 


2fie^ 


C 


r- 


( Ibj 


In equation ( 15) 


~ . V is a fujictlai only of th:- sp-'.c 

' r r 

Tpovomoht near tbc conduct ;r. Thv current lnduc'“d in th.‘ c n.iUc 
tor may tboroforo be c.^ns idaro.l as dop. in.iag onnentially '-a tw'» 


0 h 


factors? 

1) Tho capacitance of tb. c''ruiuct 'jr, which dop^’n.'.o only 'Ui thv 
conductor conf igurat a 'n, and 

2) Iha clc isaty and movf’>nv'nt '■ C sp'-'ce charge nra'.r th' ctrucfc'r, 
which depends only on the ulrctrlo f i.'ld distribution iu th^'- 
couductor vicinity. 


Ihr- term T' in equation (15) ia defin'd, os the excitotiou func- 
t inn . , ^ 

In the context of RI gennro,tion, i ruprosonts th ' r'^uid -”’ 
current pulr.'^ trains induced in th" c.ui.iuc t 't ^r, more appropri- 
ately, th£! rme valu^-’ of the curw-nt at a given frequency, which 
would be TOcasurc'd by a radio noise motcr according to equation 
(It). Consequently, thr excitation function is also cxprcaaral 
in terms of 'a rms value or iiidirectly in terms of the pow^-r spec 
tral density. 
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The princip'^Jl adv,nat''i.'?:c of fehc; concept of RI excitation 
function jo that it is in'iep<'’.clcnt of the. conduct ,3r or lixic 
^ooFictry* Thus, ( ■ can be rt.-'anun b. in a f^inplc gc'^mctry such rw 
a tCvSt cage, and used to prouict the RI parCnrmanco of a practi- 
cal lin-' coni i4?:u rat fni. 

In thes case of a .oulticoui.uctar liU’-, cquatl'^u (15) way hv 
gone'r'’l.izod to 

[i] = -dr- d'] ’ (16) 

, 0 

whom [1] in the vector '''£ curr<. nts induced in tho cliff> r^-nt 
conductors, [C] is thci capacltancr matrix of th--' lin- , and [( ■] 

is th^ vector of' tho Kencratod RI excitation functions. 


RI Propagation on a SiUii^le. Conductor Tr'-uismios ion Line* 

Consid.e’r an infinitely lon^r oixiylr c'nductor tr^uisninoian line 
with uniform corona current ±nj'‘cti'3a <■'£ J p‘ r unit lon.rrth. for 
an olAtnr.atal length of thi: lino, the equivalent circuit sh'wn 
in Fig. 4 applies. From cons idorat i >nfl "f thr^ v.ltagoa arid currento 
as shown in tho figure f the f 'll’-wing Jtft >''ront i'll equatl.'nr. arr 
obtained. 


dx ~ 

— zl 

(17) 

dJ _ 
dx “ 

- y’v + J 

{ 18) 


Since tho corona currant inj'-ct'’, d is iii the fern o.f random pulse 

trains, J arid, consequently, also I anil V are rms values at a 

given frequency, z and y arc tho series and tho, shunt .admittance p'. 

unit lirigth of toe,^ basic transmission line theory that Z ssfa/y' = 
characteristics impinlonce of the line and y n fzy ss a + la 

the propagation constant of th lino, a being, th* attonuation 

constant and p the phase constant. It nay also bo recalled that 

a sinusoidal current i(f) at frequonoy f injected at a particular 

point of tho transmission lino divides equally as shown In Pig. 5 



r;.-i 2 


I-- 




V 


z®:4x 


£«> ’ 


J'4\ Xi ,. 


! iy^ 


XA'X. 


■>4 

-r»“| + Al . , 

A 


V f av 


XaXF.JT 


Pig. 4 




H f ; 


A y^V 


i'lf'.e 


J'-, 




I I 


j <p( f ;:(x 


’/ 7 .,‘ f 


and propagat'-^a in both directions, ‘fb current dist-iioo 

X on oithor side of the point of injection will thf n bo 

i^(f) = 1- 

A transfer function H(f) nay thor'f :>r'‘ be lU.finc.u os 


{'I-}) 


H(f) 


i (f) 


i o “Y* 


(20) 


Hctuitiing to the randoei nature of the corona currunt inject'd, the 
uniforn corona gori' ration nay bo ropresoutcid by th'' injcftiaj; 'f 
a currant having a power spectral dens ity oX* (p.(xO P‘ r unit Icayth 

V' 

Eoforring to Pig. 6 th. injection of 9 ^(f)dx at x produces /•■.t th. 
point of observation 0 a current havhig a power spoctr'il d'-unity 




■di' i ^ 


' ^ ) 




s; 




Pig .5 
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2 

CfW = jH(f)| ■ ,.,,(±')cix ^ (21) 

The power spcctr'il d-"'ns ity (p(r) the total cum nt f '■ 11 •^wiu/’: at 
0 is th'*' ref or.’ obbafuiv. C ’'.u 





fl 


The r''sult of nquati m (22) c-'in bo ^xpr./naod iu c.-'V- 

rospoauiuf; rms values of tho currouto 1 ''Utl J an (compare Bq. ( 1 1'! ) 



{ 2 ’ 5 ) 


Equation ( 23 ) io thus th^ r quSr- U solution to the cliff fire .it 5 a3 
oquatjons (17) arui (IB). 


Ih" I'vot step ill the RI analynin of th' sjri/:>:le cniluctor traneni- 
nsion. line ia to c.aLcul-'te th; electric anu naqnc'bic field conp!'- 
nents .at the '?r'?un(i l-v> 1 fr^r tht' current obtain cl in (2'5)^ 





f 



I 








Fif;.? 
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Referring to Pig .7^ the- riogn«-ti <3 fi-lJ -.t auy poii.t r 3o ;btniu.-il 
(asftuning a porfcGtly condactirji^’: oortb) as 

Hr.- ^ . ( 24 ) 

i'icially, assarr'lng a 'DEW mou/ ''t’ vovi" propa"'fc3 ui, th<' co rr<.ap ’.a- 
ding :;l''Ctric, fi<‘lc is obtaiu*‘d as E - wh. r lo th- w'-v' 

irpru'’ncc ^vi’ f r'' c* spacf* Since Z^' 120 u, w-" '.'bbain 

E rr 60 li (2*?) 

h + X 

RI Pror'g'zo.tion mi a Malt i co n due t-)r Tr-*ns'‘^iss i:u . L in;... 

In an-ilDgy to oquatir.'n (17) and (1Q)| tb( cquafc i 'as d- i'lai.t* t-.V.o 
RI propagation on a naltiC'">adae't‘,'r line, iiioluding oar ir'. rr u ra- 
tion along the-' c uductors, may be written os 


dx 

[V] = 

- [2] [I] 

(26) 

d, 

dx 

[I] = 

- [y] [V] + [J] 

(27) 


whore, [Y], [I] and [J] arc cclunn ve?ctorr, of the v-lto/P* an.: 
current on tlx=i line and of th'' C'.'ren'^ current dons it i s inj ot' d 
on the conductors, [z] and [ y] are squ''r>' matria; n oi n rJ- n i*”''- 
■dance end shunt admittance' per unit length of th< lin'’. Th . 
square impednneo and admittance matric' S comarim , n c'urn*/, 
self as well as mutual terms. Thus, oquati uis (26) anu (27) 
represent a set of coupled difXcrential rquations which hav.” t ■ 
bo solved simultaneously. Direct soluti-.m of these cquot fnifi i.o 
therefor© an oxtremoly difficult task. 

Modal analysis is used to simplify equations (26) and (27) 
into a number uncoupled sets of oqu.ati-ns which can each b-.f 
solved as in the ease of a sirigl-’ conductor troaomisnlui liiv* 

In order to further simplify the anraysis, the mod.-a dreompoo ition 
of th© equations is carried out assuming a losslaas line, and th.. 
effect of losses is introduced later for oaoh of the modes in the 
form of madal attenuation factors. 
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Now, if ['^] represents the V" 'o metric mo,trix' of the i.ine, with 
the matrix elements 



where, h^ is the height above if^round of the ith conductor, r^ 
is the radius of the ith conductor, D. . is th*-" distance b-fcww'^n. 

i) 

the ith conductor ana th( of the jth conductor in th' /■>:round 

plan'- nnd d^^j is the distanc* b>,’t n the: ith and ith conductors, 
the impi’danco f;iad admittance matrio' s mn,y be written as 

[z] == w [I] = fO] (Z9) 


[y] “ w [oj - w.ziWq [Gl ('lo) 

whore, w ~ 2711;', f bcinr: tht I n, qumcr of voltrr:”8 and currents, 
[L] and [C] arc the iuduc tfne. ruiu cap''citancc matric'-s of tho 
1 in r* , 


Also, from (16' , 

* m ‘ * 

f-'] 2^ ■ f''f' H'] 

Substituting (29) to ("^l) in equations (26) anu ( 21 ), 

- - ff- [«J re (3a) 

-^[I] = - K.27t,,^ [8]"'(V) + [G]-' [(•■] (37) 

Now, let [K] b(' th' modal tr'insformation matrix of G, i#o. 

[M]-' [G][F] = [A]^ (74) 

whore [A]fl Is the din^orinl sp. ctr^l mritrlx of [G] . Aieo, lot 

[V] = [H] [VJ 

[I] = [M] [IJ 

[J] = [«] [J„] 


[f] = [«] CT'o] 


(75) 

(76) 

(77) 
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V , I an'" J in thf. ^quationj abov* ar*' th' moc'*! ooinlia*- 

0*0 0 * 

nC'Uts of th '' volt''f''c anci curvonhs- Subafcitut ing ("5'i) i 51) In 
(32) and (33), 

[V,] = - [M] ri,j C’a 

-|j [M] [IJ = - W.2ltc^ [G]-' [*] [Vj,J+r(SJ"'lf'l[r „] W)) 

Thrsc equations enn b'.? rcarrangocl as 

, wu 4 

-fervj ^ -2 ^[m]-' [ 8] [ei 

[IJ = - w.2T«^[M]-'[S]-'[M][V„]+[M]-’lC;]-''[H][r d (-in 

On. f urthf-- r s impl 3f ico.t ion ^ 

A wu. 

-sCA] =-2-^[ tv 

|j-[y = -v.2KjA]~’[Ve] + [Md' n%] , (4a 

Since [A]jj_ and [A]^^arc both diagonal matrices, equations (4?) 
and (43) roprrsnnt seta of uncouplf.d diflorcntiol equations. For 
an n-conluctor syst'^n!, the r ^ vriil be n s-'ts of d iff f rent 5 d oqua- 
tiono, corresponding to the n mo.al con'pon(utn, aimil^'r to rtiua- 
tions (17) -and (18). 'JV r’ fore s’^luti'-'da olmil’^r to (23) nrc 
obtained for each of bhe nodal conpon'-nts* 

By comparing equations (42) and (43) with (17) and (18), the modrJ 
characteristics impedance matrix of the line m.ay be obtained ns 


[ZJ 




wp, 


o 


Z% 


1 

a-rtwe. 


CA]d = |-J^CA]4 = 60 [A], 


Details of application of the modal analysis to actual El cal- 
culations are illustrated by considoring a practical example. 
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Example of RI. Calculat ioA 

The ma,tb.O(i of R1 cj-CLcuiat ion a* acrib'.'Ci nbovo is illustrated 
by considerin^j 'ilER ’s 765 kVlinc conf if^uration. fhe conductor 
height is assumed to b -.q,u.'-il to tU. conductor h''-i//ht of 

60' (18.268 m) , and tbo luflut nc© oi /.ground wlrrs is ncjcjl, ct'‘d. 
The col.culation procedure compr3s‘‘'s the followin/'^ steps: 

Stop 1; The first stop is to cnlcul'^to the m-ximum bundel ^radi- 
ent for all the throe pha.8''3 of fcb; lino. For followinr th 
phase number the gradic'nta arc*: 

®1 = = '5-67 

®2 = 21.10 kV^„3/om 


Stop 2 ; This stop involvf s th rminat 1on of the RI oxcit''tion 

functions p i*T'2''T3 phases, from a knowlodpc of the 

maximum bundle gradients of stop \» This requir a in turn -a prior 
knowledge of m a function of E for th' bundle under consi<K‘ra- 
tion, which can bo obtain'd either by t'stixw?: the bundle in a 
test cage or on a t-'st lino or by usixig empirical formal an rilro'^Uy 
developed on the basis of extonsive toots. For conditions of 
heavy rain, rofor''ncc /} to 6 propo se empiric'll formal "*8 for 
df tormining tho p for any givon conductor bundle. B'^s^d on the 
results of those r- f ''eners, th-" v'OLura aro obtainr-d for 


Y'l ='f' = 46.5 dB rabova 1 

Fa = ^8-7 above 1 pA/m^/^ 
or i=Y 3 = 211.3 pA/m^/^ and = 272.3 


Stop 3: for the line configuration under ooasio.< ration, tho goo- 
metric matrix [G] defined by equation (28) is obtained as 


5.15 

1 .05 

0.51 

1.05 

5.15 

1 .05 

0.51 

1.05 

5.15 


[G] « 



R/i-18 


Step 4 ; This otep iavolves lolutioa of equatSoa ('54) to obtain 
the modal transf ormation matrix [M] and the dia^'^on-d spectral 
matrix [A ]^. Equation ( 34 ) may be written as 


[C] [M] = [Aid 


or 


g^ -i A 

«12 

^13 


Ai 


M 

®21 

«22^ 

^23 


"21 


M 

* 

/31 

®32 



31 

”?2 

■ M.„ 

KM 


The above equation has a nontrivial solution only if the determi- 
nant of the first matrix is zero, i*e. 


g 1 A 

«12 

Sl3 



«21 

^22^ 

§23 

= 0 

(45) 

®31 

«32 

S 33 A 




Equation (45) reduces to a cubic equation ifiA, th«* solution of 
which, using the matrix olomeets of -G obtain d in St^’p 3, Kiv.*n 
the following values of A : 

A^ = 3*91, A 2 =■■ 4.64 aridA^ = 6-91 


Substituting each of these values in (44) gives us .the colums of 

the modal transformation matrix M. For A« ~ 3*91 » w<^ get 

' . » “> 


1 .24 1 *05 0*51 


^11 

1.05 1.24 1.05 



^0.51 1.05 1.24 


r 

1 


or 


1.24 + 1.05 M2.J 0.51 « 0 

1*05 + 1.24 + 1.05 = 0 

0.51 + 1.05 + 1.24 = 0 


( 46 ) 
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Squat ions (46) is a sot of '•©quatioiaa, arid only tm 

of the throe unknowns can be cl. b, .rniin' d indopcndontly . The third 
unknown has to hv'’ chosen arbitrarily, Choosina ^ =- 1.0, thu 


lolution of (46) oive.n F,, 


■1 .68 and M, 


... 1 .00 


Thus 


1 


# 

0 

0 

♦ 



'^2, 

1! 

-1 .68 



1 .00 


for purposes of norn\al ization. the olcm*::at 8 of thfj column -vector 
above aro divided by y ^ + M 2 ^ + . The normalizcui v^'ctor 

is thc-n giv;n as 


0.496 

M21 - ■ -0*765 

M_. 0.456 

L 51J -I 

The other two columns of the [M] m-atrix arc obtained similarly 
by dotermining th; normalized oigon vectors corresponding to 

^2 = 4.64 and -= 6*91* The resulting normalized mod.-il tr'-UiS- 

formation matrix is obtain, -1 aa 


0.456 

-0.765 

0.456 


-0 .707 
0 

0 .707 


0.541 

0.644 

0.541 


„ ,5 ?. next step in iiho calculations is clc termination of 

modal components of corona current injections. From equation ( 43 ), 
tho oquivalant corona current injection is given as 


[e] = [A]f [fj = [Mr’ [T]' 


( 47 ) 


Slaoo [H] [fy = [f] 

Mow, 

[«]-' . 


0.456 

-0.707 

0.541 


-0.765 

0 

0.644 


0.456 

0.707 

0.541 
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and 

0.2C3 H3.039 -O.Ot? 

[ g ,] ^ = ^ 0«039 0*210 "- 0-039 

-0.012 -0.033 0.203 

therefore 

r 0*1 17 -0.196 0.1 17 

[M]“^[G]“'’= -0.152 0 0.152 

I 0.078 0.093 0.078 

Now, if assume RI goner'ition of Ph^'se 1, 



where the superscripts 1, 2 and 3 reproaent the mode numb. rs. 

Iho corrosponding modal eomponents of tho currents in the condu 
otors are obtained by analogy with equation ( 23 ) aa 

( 46 ) 

/ ay« 

* iir !• »* • '* i 

' ' * 2 J 
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whero , 0:2 ^‘‘■3 titonal at fccnuaficn connlnxitB * Based 

on moasuren^ontB on actu-^ii troiiPin-i jas iou liiucs, the modal attenua- 
tion c'onsti?j:ifcs may be assumrd as 

= 0#173 X 10*”'^ N^-pors/m (0.15 d'B/km) 
a 2 - 0.115 X 10~'^ Nopcrs/m (1.0 dB/km) 

= 0.691 X 10~*^ Nopcrs/m (6,0 (IB/km) 


SaTDatitut5n{c th-'. bo in (48), 


~T ( 1) 

c 


2964.6 

I 

ri 

s: 

-1500.0 

w 

J (3) 

*. c 

! 

314 . 7 ^ 


\xA 


Finally, tho c-Trosponcijing phonn curronts ^'ro obtaiar d uciap; 
equations ( 56 ) as 


1 ... - 

‘ 

1 

M 

12 

M,,' 


^2 

tsr 

CM 

^22 

CM 


t ' " ' 

M 

1 


M 

J 31 

"52 

M33 



( 1 ) 
( 2 ) 


(3) 


conductor 


If 


j'yiO.'Va ' 




1 

0.456 -0.707' 0.541 


2964.6 

2 

-0.765 0 0.644 


-1500.0 

3 

0.456 0.707 0.541 


314.7 




(z) 


It is soon from (49) th'^t -jach modal current flows in all the- 

throe conductors. Thun th<? modal current for oxample 

( 2 ) ® 

results iri currents ^ flowing in conductor 1, M 22 IQ 

in conductor 2 spd ^^ 32 ^ 0 ^^ ^ conductor 3« The modal current 

distributions in the throe cmuiuctors can br. ropresonted m 
shown in Figs* 6{a),6(b) atiu 6(c)* 


(49) 



09 

1351.9 iiA 


© 

--2261*9 \xk 
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© 

1351-9 uA 


•Tg^oov 


ryrty: 


Js'i^arG 8(a) Mo do 1 curronts 

© o ® 

1060.7 iiA ‘ 1060.7 ^xA 




7 ^ 5*377 


Piguro 8(b) Mode 2 curreuts 

0 © o 

170.3 \xk 202.7 }xA 170.3 jxA 


Piguro 8(ct Mode 3 cu rron t s ' 

1 

In tiio abo'vc, tbo curroat compoixets in bho' tbrt-'c concise tore of any 
givon mode aro in phase with oach other- Tho current componento 
corresponding to the different modoa, howovor, will not be in phoso 
bocauae of differences in tho voice it ies of propngntio'n of the 
different modes. Although more sephistdeated mothods exist® for 
addition of the different modes, a simple rms addition will bo 
assumed in the following. 

S.tep._6 i The next stop, after dotormlnlng the modal RI currents 
in tho different .conductors, 'is to oalculato tho oloctric field 
component of RI under the lino# Equation (25?) is utilized for 
this purpose to determine tho electric field at nay point due to 
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f-ach of th.' thr 'C moJ. ’il current uio fcribut . Fe'r 'uiy peixit on 
tho grcjurivl, n.'t n. lut' r-il a'.ict-ncc X frtvri th> c-'-ritr'; ph'-oc , the RT 
field duo t; the r.., 1 uurr.i.t u ifitribut 3 m iis obtain'” d ao 


=: [^^(X) .1^ ' ] (bO) 

■where arc. the rri.ic 1 curroiifes ;in C''auacb 1, 

2,3 respectively and B^(X), fl-ld factors 

given by 


F^(X) 


. 120H 
H^+(X~D)^ 


P^d) 




X) 


1 20H 

I!^+( X+b)^ 


(bl) 


where* H is the conductor height '■’u.i I) is thi' phnBo op-icing. 

Por X -.= 95’ (28.956 ^^) 

P^ = 3.87 ; p2 “ 1.S7j P^ 1.02 
and the mod -'I fi*'!. is obtain'" d. oj3 

= 1351 .9 X 3-87 - 2267.9 x 1 .87 + 1351 -9 
X 1.02 2368.3 p7/n 


Siioilnrly, the field cjppon-.aits at the aam:' poiiit due te the oth'-r 
two podC'B arc obtain' d ao 


3 2^- 3027.5 pV/j. 

a^. = 1212.1 pV/m 

The resultant RI fl Id at the point, du ■ to RI gv.'neratioa on phato: 
I, is obtained m 

. 40,0.4 ^V/n 

Stops 5 axicl 6 will h-*ve; to be ropco'.t'-'d to dc* tcrmlio the RI field 
produced at any given point duo to RI gen’orat icu on phases 2 'ina 3 
respoctivoly of 'pg = 48*7 dB and s= 46.5 dB. The resultant 
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fiolds '\t fchc pojafc umR-r c-'nir i.K r-( t: 1 'u nr- : 

5437.2 pV/m 
-■ 40'4o./: iiv/- 

Th-' r.-sultint RI fi’lu, au.- to th R,I e a rnt^-ui vu rUl thr 
phases, is again assumea to be the r.rr.s. sun of thf^ fjelbs E 

fl ^ 

B, and E 

D C 

i.e B = 7877.3 p7/ni 

= 77 »9 dB above 1 pV/m 
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of th:' thr 'C irtotl'il current: uis fcribut i'^ns - Fi-'t" c.a,y point on 
tho ground, at a lator.'dL din tract.' X from th* erntr*: ph-'C'* , the Ri 
field duo to tv 1 curr..*it; distribution ie obtain'’ d as 


r= .x/' +B^(X)I^^^^ ] ('30) 

( 1) f 1"^ f v 

where I.| " , ^ 2 ^ , 3!,^^ ' riadc 1 currents ;Ui coadact 're 1, 

2,3 rosprctivriy and B.j(X), B 2 d) .anu X'.j(X) ar' £3. Id factors 

given by 


B^(X) 


. 1 20H 


Bo(X) 


120 H 
? 7 

ir+x 




12QH 

n^+( x+JD) ^ 


(31) 


where H is th: conductor height -'.id h is tV phas'., fspacing. 

Bor X = 95 ‘ (28.936 n) 

B^ =3*87 j ^2 ^''3 - ^ 

and thr oodri f !■ 1 . ia obtain' d, os 


3^ ^ 1351.9 X 3.87 - 2267.9 x 1.87 -«> 1331-9 
X 1.02 ... 2366,3 p 7 /n 

Sinilnrly, tho £3-. It. c nnpon>:nta at th*' sap." point '.luc tr the other 
two aodCB arc obt''iuf(! o.r5 


2 2 “ id d I . 3 p / / 1 ' 

a , .-= 1212.1 pV/n 
> 

Th: resultant RI £i. Id r;t the point, du to RI gv-noration on phase 
If is obtained 

\ « = 4030.4 ^iV/p 

Stops 5 -and 6 will h^ve to be ropce.t.'d tc nc. tcrn'lto the RI field 
produced at any given point duo to RX generation . 0.1 phases 2 'Uxa 3 
rospoctively of ’pg = 48.7 dB ana p^ = 46.5 dB. The resultant 



fi(jlda '\t ■+:hc point uriik'r c^ar i;?, r-ti 'u ‘vrn : 


Sb “ 5-vvr-2 I^VA' 

T! r uV/~ 

C ‘ 

Th‘‘ r<"BUltint RI fic’lu, uu.- to th'' RT p. :i rnti-in jn fill thr^ 
phases, is a^airi assumed to be the r.tr.s. sun of thf' f ir>lriM 
and 

i.e B = = 7877.3 pV/m 


= 77 »9 dB above 1 p?/m 
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MBASUREMia^T OF RADIO INTDREFRRENCE 

TRe measurement of RI from hi/^h---voltar;e transmission sys- 
tems is carried out usjns; a radio noise meter, which is basically 
a calibrated radio receiver that functions as a tuned radio- 
freq.uency iRF) voltmeter, fho mefccr comprisos an input device 
which can be antenna or a probe food inf: in bo a tuned RR amplifier. 
As in th*"' case of a radio rv'coivrr, the output of the RP ampl if i*’*, r 
is inixed with the output of a variable -frequency local oscillator 
to obtain a fixed intormndi'f.tv -frequency (IP) siif^nal which is 
further amplified. Th'- combination of RF and IB' staples functions 
effectively as a calibrated buned bandpass filter. Ihe H*’ output 
is then passed throua:h a de- 1 c bo r and appropriabc weighting: cir- 
cuits to measure the peak, quasipeak, av-'rafbo of rma values of the 
interference. A detailed analysis of the radio no iso motor rospo- 
nso to random puls''r. in discu: 3 nod :UiS.of. 9 , 

Ih- r'^dio noise rn'tor clvncrib.;d above, standardized accor- 
ding to AiJSI or CTSPR, is un^ d to nu'">aure th ■ RT from transmission 
lines and stations. In making ouch moaouromentn, particular 
attention muntbc paid to the sol' ction of th'f location, the cali- 
bration of the meanuring inabrutneut , tho background noise level 
and a number of other factors. A comprehonnive guide to tho 

10 

moasurommt pmeodure has boon published an an IBBR standard , 
which is nowundorgo ing rt-visicn to update and extend its range of 
appl icab il ity . 

Singlo-Conductor Lino 

Prom the point of view of RI annlysis, n siiiglo conductor 
lino may roprc.scnt a single phep,o AO or a monopolar DO line. In 
the cases of a sixiglo -conductor lino, Pabre"^^ oatabllshcd In a 
heuristic maanor that thv geometric mean of tb:- onvclopos of the 
maxima and minima of tho RI frequency spectrum of a short opon- 
endod lino is idontical with the RI frequency spectrum of a 
corresponding long-lino. Holstrom^^ and Porz^^ provldod the 
necessary analytical proof of th© geometric mean method of detor- 
mining tho long-line II perfonwnce from mcasurmonts on short 
open-ended linos- 
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OoiiG tTa ‘ c'^.nc f'l th;. ''T' u-. uU' d t-. nt ISnc’ at TRBQ, 

which in 273 !’■’ lour; 'xu 1 har? a n-itur*’! r '.r-.ae ‘r {iu> uc.? ?1 * tKHa 
i'lgj 0 showo the shows the frequency spectra of th*’' nie/aietdc field 
field mensured at ground level directly below th' centre of the 
line, for a constant uniformly die tr Jbu t'‘’d HI excit'-tion function 
of r= 0 ^ abovo 1 pA/m ^ at all fr-- queue i'-s nnu for different 
earth resistivities from s-- 0 to 10, 000 ohm-m* The t 'fit line 
comprisos a 6 x 1.6 ( 4.064 cm) conductor buncD-c nt 'm aver-'ro 

conductor height of 12.2nu The c'irth resistivity la nn inptrt'nt 
parameter since, during long-torms t'‘-sting, the 'rxrth r-alntivity 
may vary over several orders of mngnitude dop- ndin/': on th n iturc 
of the son, the tcmpcr''turc and humidity varifxtions in thr noil , 
etc. The results clearly show that the c-rth r oistivity h-.s a 
large influence on tho ' amplitucios of th maxima and a much lUnsc r 
influence on the amplitudoa of the minima, Ih' f r-- qu nci r at 
which the maxima and minima occur aro also r'tiuc.d 'with incr 'ts' d 
earth resistivity, duo to the resulting r* duced ve locity of 

propagation. 
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Thr pract jiaal. Inpl of tho r'''aalta of Fi^.9 ia iix 

tKv choice of a mc-asurijig frrqaencjr for parpofios of lonj£?~t'rm 
rocordini!?:' of RI* A.8 pointed out by Lofovro^^, tho f rcqu-^nc f a 
nc-^r thc"'maxima are not suitable because of thi; extreme sensitivity 
of tht roe asuromenta to slii-^ht frequency variations, and 'T’-'-asar' rxints 
near the minima nay br affect-'d by ambient noise. Frequ 
ill between the maxima and minima h'’>vn therefore been sufj/v ^stod as 
ideal for long-term moasuromontvS . It is seen, however, that 
frequencies batwoca ( 2n~1 ) n=1 , 2..*, aro also subj ct to 
considerable variations in earth r''8int Ivlty. On the other hand, 
f r-que ncios betw-^on nf and (Jhi+1)f /2, n=:1,2... show much less 

V *«/ f 

variability due to V'^riations in y and th- ref ore appear much better 
suited for long-tt rr' moasuromento . More precisely, a value of 
abodt (2n+0.6)f_/2 arms te br the best measuring frequency. 

Another aspect which eay affect thr accur'^cy of the gepmo- 
tric-noan approach is the bonuwidth of the rnejisuring Instrument, 
ospociolly at low earth rrsistlvit ios. Iho g'ome tric-mran method 
is based on tho theoretical m^ocima and minima of tho frequency 
spectrum. However, tho finite bojndwiclth >f the measuring inotru- 
mc-nt roducos tho mr.aaurod poa’ oonparod to the theoretical maxi- 
mum. For the lino considered, for example, at >' = 0 ohm-ro, the 
measured peak with a 5 leHz bandwidth (AiNSI) instrument will bo 
about 16 dB lower then the theoretical m '.ximum, r waiting in an 
8 dB error in the geometric mean. For y = 10 ohm-m, however, 

_thte error is reduced to nbput 0.3 dB, which is negligible. Ihus, 
for normal value's of oai^th rc-slstl.vlty, tho ormr duo to instru- 
EK.nt bandwidth is negligible, ill the frequency spectra rc'portea 
in this paper are calculated assuming measuring instrum>nt 
having a bandwidth of 3. kHz. 





Bluol-ir PC liiiiio 

Axi oxTiftplo cf th'': t wo—CAjudtictor tr'*ii3rr. ion i':n Xliii. in the 
hipolnr BO lino, ne.frloct jng the influence of any grfjurul wir<*a 

proBont. ln‘ th'- c»,sc of i bipolo.r DC RT grntr'»t' vl by 

corona on the poaitiv'- pole* p redo n inn te e conpl- t* ly ov3r th'-.t 
gonoratad on tho nogativo polo, so that for all Prncfcicai purpjoos 
RI gonor.ation on tho negabivo pole caii be ncgl« ctoa. Alth mgh 
RI generation occurs only on ono conductor, HI preparation 
on tho bipolar DC lirac is copponoa of two distinct rodrs, hi 
the following, the case of th'- short bipolar DC teat lin- -'t 
IRBQ, also 273 m long as in the caao of tb slngl«-c;:uluct r line, 
is considorod. The lin-e comprines 6 x 1 .6 conductor bunclro on 
each pole, at a pole spacing of 15*2 d and an averag.- conductor 
height of 15*4 !«* RI noasuroifonto with the llru olther upeu- 
ondod or tdnniaatod aro discussed. 

As in tho case of tho singlo-coaductor line, RI pioaourcn ’ats 
may be made on the bipolar DC test lino with b(?th endo open. It 
is not obvious, however, that the goomr trie rran m'^thod, which 
has boon proved hnalyitcally for a e inglo-conductor llni*-, appll-^'s 
also to tho caso of a bipolar DC line. Thr RI pr(?pag'''t ion 'ni 
the bipolaf DC line is composed of tho ground and lih'. ’.o 

which propagate with different velocities and cliffy r^nt attenua- 
tion constants. Although tho opon-circuitc d cn'ls of thf lino 
produce • reflections, they do not give rise to any liitrrmodo c ’Up- 

ling. Tho annlysis devolopod is thoreforu npplicabli,- to this case. 

The frequency spectra of the RI magnetic field measured at 
ground level at the centre of the open-ended lino, forT‘+ •« 0 dB 

and s-'-rdB ‘ind fo» three values of ear^h WKiietivSty ar* 
shown la 10. The two peaks occuring in the region of tho 

maxima oormspond to th© two modes of propagation. Tho sharp 
resonance peaks correspond to tbs Ijyio mode of propagation^ and 
are affected by variations in earth resistivity, although to a 
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mucTa loeser oxtoEt than tho ^jround mode. The lowop-airtpl itude 
second peaks correspond to th-; ^jround mode propn/^at ion . The airrp'- 
libadC' as woll as th' frequency of occurrence- of the /^round mode 
peaks vary with the certh rr r; 1 jv 3 ty , r'd'lect 3n^e correspotidin^ 
changes in modal attenuation and velocity. The dashed linf.s in 
the figure correspond to the geometric mean botwen the maxima 
for the throe values of C considered. Th. solid lin *-?3 correspond 
to the actual long-lino frcqu^'ncy spr ctr-! cSQ-culatcd, ior 0 

' T* 

and ^--edB. The r'-sults show that the gf'omnbric moan of th.- 

maxima ?lad minima docs not giv^' th corr’ 'apondin'^- long-liir. RT 

level. At low earth r'-'S ist iv it i-’ s , the diff fttl'-'nco hetw^ -n the 

goomotrie mean arid th' long line RT lev Is is nt.aijgjblo. Th' 

error Increases, howov. r, with incr'esing earth r-'S ist 1v i ty . 



Fig. to RI, frequency spi ctrum, at 15 m from positive polo, 
of an open-endrd bipolar bC lifio. 
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RI propagation on th.rao phiaa AC trantmiasi ion i laen in 
characterized by three modea* The modea are conv#»nt ioaally 
numbered in the order oi decreanlng attenuation, with t-'r,dr> 1 
having the higher at'tenuation and inode '5 th^’ loaat att mu'^tlon. 

For a flat three ’phase lino configuration, th ■ rrou'' 1 - known as 

the ground mode ~ corresponds to current fiowing f.'Ut in nil th‘* 

<«> 

throe conductors and roturning via earth, mod' ? to cut'r* at 
flowing out in one of the out'^’r couductors and r*‘turaiag via the 
other, and mode 3 to current flowing cut in th^- tw? out' r c- n- 

d.uctora and 3 :^turning via tbo central cnH{uct'’r. ** 

Three phase AO liars are also charact' riz^u by R 3 g- w ra- 
tion., of about the same ordor of magaltudn, on all the thr <• 
phases. Th-*' corona activity on each phase c'uductrr occuro duri/ig 
a short period around the poak cf positlvo v'^tltogi )n that c ni- 
ductor* Thus, RI on a three phase liu> io g 'ri ir''t>'vi ^'n a rrault 
of successive bursts of corf.'na pulses oeparat d fr m ..nch -.’th r 
by a time interval corrospnding to 120 ^^ of thr- appli; u 'dt rant- 
ing voltage. For purpos-’S of propagation analysiij, how*, v r, th ■ 

RI gon»,. ration on each conductor Hhoulcl bo tr'at 'd oopar'd* ly. 

The measuring instrument, on the other hand, intvgrnt- s th c.'.n- 
tributions due to the excitation of each c'lnduct'r* JUt‘p»nialng 
on tho typo of instrument used, the contributl'no dur t each* 
conductor may bo subjoct to rmo addition ( rms dot ctor) nr t ' C33PR 
addition (Qp detector). From a practical point -f vifw, th" 
difference betwoon the two methods of addition is ik t s Ignir leant . 
An rras addition is thoreforo assumed in th following. 

Although only one .nonduebor is oxcitrd at a time, currmibs 
flow in the other conductors also duo to thr. ©xistonco of all the 
throo modOB. Thus, in the cases of both short and 1 ^ng lin.o, a 
modal -analysis of RI p^ppagation should bs oarrted out f^r th^ 
excitation of each conductor, and thsir oontribut le-ns added 
appropriately at the measuring point* 
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RI xT'asurcmrato oa short thrt"--- phxso h'st linos ar*' ^cuora- 
lly carried out with the lino opon-onuo-cl. g.onir. attom'pts hovf' 
also h -on madc?"^ with th' line t»Tminot 'd at one a.aO and open o.t 
the other, fho case oJ.' an opon~eudoa lino is discussed holow. 

A 732 km lonp: throe phase tost lino, similar to that ,at Apple 
Grove is coaider'd for purpos*'‘S of Hlastrot in#^ th application 
of tto proposed anolysis- The lino comprises 2 x 1.6” conductor 
hundlos on all thro'C phase s, a phano spacing*: of 10*7 m ana an 
average conductor height of 18 . 3 ’i'’* 

Figaro 1 | show.th'. spt-ctra of the RI ol^'ctric and mfigm.tic 
fields, ot ground l.-vti at th: contro of th*. lin‘ and at dls’^./icc’ 
of 13 m and 30 m r< rpcctivolj from thr outrr pbaso, namely con- 
ductor 1 . 



Fig.11 Frequency ap'-ctra of RI olrotric and magnetic fields, 
at 15 m and 30 m from conductor 1, for na op.n-enaod 
three phase tost lino, j = 0 00 dB. 
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RADIO MOfOl I’Rili^ICl'JOr 


FOHT'I'.ii 


r'(\H k' 


* f * 1 f « 

* . ill ,Jt 


Tha basic ch-\ract'r,'j‘)t ;ic o' 'r 
niPtbocis (ie: the wethodH 'jhinn ar.;; 
expresnad in the f ollov/.iu^’: .I'orr; 


I io.. I’o r uJ ( v”'. 

■> jric'i rol --t ti'.i 


t Ivci 
nrin t-': 


B 




I + E + B , + B + K, + y.. -I E*. , 
'o #?: d. n jj i t 


E ; calculated Rid !■ vf:l ol‘ a lin'* Jn di' *'^'0'/' 


B 


o 


:woll dofin-'d Rj rnfctvacc valu by 

fa«tors iii dil for rradicut , diar-';*., r, buutJi 
frequency, and foul wcathT. 


Ct'* r r; t loa 
, d i'! .e.", , 


Symbols used In forntulaa 
= maximum gradi- nt 

= avoraga gradi-nt hV„„„/cm 

d s= (Sub) conductor diam't r, cm 
n = no of subcond. in a bundle. 

D = conductor to antrnna, or radi^vS- ujat'UiC'-, r- 
h =a line height, m 
f ss frequency, MHz 
S = bundle scpnrat:?cn, cm. 
p = gradient factor ie: 

p = 2(n~1) sin(7t/n) or 
p « 2.0 for ns:2 
p ss 3*48 for n=3 
p 3= 4*24 for n=!4 


lOOktr-FOC G-ormany') at 1 Mz 

1 = 53«7 + 5 + K (g^ - 16*95) + 40 log '^•jj 


B i* 

E = 5 for 750 kY clsBS ^ 

K K 3*5 for other linos, gradient limit 15~19kY/cm 

« 0*4 dB for single conductor 


= 10 log 


n 

4 


for a > 1 
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= 1,6 + 0*1 for fr''qu.uo,v r 0*5 fco 1 Wi'/. 

= Z‘'ro for fo.ir wc'ibb r 
= 17 + 3 fo^:* rn3n* 

B-, . = R if 33 is 'it dJ5 ii3rh;r th th.. fi<"ld Uu.: 

1 me max max 

to Gny other phase- at th'),t location. .! i." th'' dii'i’orc; nee betw e-n 
the two hitches t valu f5 is I-: sr; thaa 3 


% irio 

Ohiobara .(Japanl 


E + ’>3 , 

*"^4 “ ^ ? 


+ 1*3 


In fair woathar, 


B =.- [(3*7 12.2) + 3] + 40 loa jT^*^ + ^0 loa ^ 

•”1 2(lo/:ix' “ 17 •lo/'' f. 


lo calculate th" piaxdmum-Ril 1 ’'V-: 1 in ha-yy rain, tlr* p'‘trt of 

the abovo equation between bracket [ ,] must b' replace d by one 
of th'’ following oxijrea,o ions : 


[10.5 Sp - (Kp/«)5; - :51] i-nr I'.-p^-n 
[4.57 Sp - (Cp/4)® + ty.5] Cor > 17 


whore is the- bottom of tb- 

kV/cm 



n 

1 +pci /2 


( 1 + 


&A. 

20 


CO ' 


/ 


bottom Dubootiiluctor in 


1J? = anal!' b';twccii th' m-.x^mut' '-r-'.ui'. nt 
■y = 0 for p ia/i:lci and 3~buu'il ■ 

- 45° for 4 bundle 
= 90^ for 2 'Bun Ole 


Qn t ar io iydro ( Canada) 

B = Bp+A log -fS_ + 40 log 2 ^ + B log + 20 log -2i^ 





A sr 146 for 'f"tir ’'vC'’’;’.!' r 
= 120 for ioui w. -ithi r 
B = 40 i‘or horazijritril Ijii n 
ss '52 for v-rt-ic'-'l I in 0 
C = 1 for f > 1 V'lh'. 

= 0.5 for f < 1 KVz 

The Eli ficldi int*. nr-lby roi'er no: V'dn :i 'd 40 . H ro r^-dl'd 
diatnuco nro : 

= 34 dB + 6 ( 50 % vnluj, wc'-th r) h'jris?' ufcol i h. 0 . 

= 37 43 + 6 (50% valuw, fair weotliv r) V' ’"bicni, 1 1 .. a 

ss 63 <33 (pax. foul woafch' r) hf' r J ' u b o.'l L1;i n* 

ss 66 tlB (max. foul wo’^bhor) vcrblc'd lin n 

The + 6 tlB iiidudod io the stoen’/'Td doviat i'a 


BxTO ( Italy) 


B » 47+38(gg_ - 15«0) +40 lofr + 10 1o<t n + 30 I jo 


1 ) 


T<’ 4. O 

V+t T U, 


Bf = zero for 1 MHz 


and 

B, 


20 log for 5 1 f i 10 ?5I!; 

correction for ol; vat in;! 


0 

= 300 ^ ~ ^^IvV'-tiou iii ’^'ctr^.D. 

Bor hundlod conductors , is j>;l'^tccl tc max. gradlrnt arj : 


jlSt 3 S 
00 


1 T p'd 72 S 
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B&U f c zechosloi; ak-ia) 

B = 11+4.5 - 34 lofT U + % 

■'B. =. 0 fjr f 1 iniz. 

X #, ' 

TTac formula in applicable, for b<--tW‘-on 1?& 20kV/cm 
and for (Sub) couduc fe'-'-r dianiotrr 'b^'twor n 1-92 'uid 3. 31 o’"’- The 
distance corr'.-ct i'.in 3s vail \ bf'tw*cn 10 and 100 f. 

Jj’or frcqufncif. s b* tween 0»13 and 9-0 MHz, 

J3f = “22 lo^e f “ 13 lofr^~ f. 


AppI'’’ (Iro yo : for f r: .quc'nc i'S be^tw-a n 0.2 end 16 MHz 

d 


0 48 + 3«5 - 17.5) + 30 lor 


3.51 


+ 20 lo/; i&’-JJi + 10 (1-f) 


1) 


RA DTO NOIOB PEBlT CJI On FOM L AO fOd AC LTHBS 


MBfKOJj ' GRaDIBNT D„ CX)Nl'JCfOR FUBU-JBHCY BlSf/JCS B,. 


ITAFBTSJi 13 


Germany 4i) 

IS 


O 


20 io/e 20K,.1 om f, 

1+f^ R d 


, 2 


m. 


n 


10 l!A3;r^f.-r .aU..‘d r o* o:nauct‘'ru 

r*. 

Japf^XL 3.7 40 lot; 17(1”^^ f^“log f) 20 


2 


o 


‘h , 

0 i/ 


+12(10/^^ f -lo^^:^f) 


Besting- 3.5 (g-g^) 30 l--g . 
h'Usr. ■ % 


o \ 2 
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RI MBASaRBM33j.«S METBR RBSPOifSS 
IRTRODUCTION 

Me-isurc-nontB r'’djo intcrf erciico froni clc-ctric'\l power 

equipment axid linr-,s have heen carried out siiice the early 

1 

thirties . A prevsent, for the ran^re of amplitude modulated 
broadcast ins; f raquencic7g, that is around 1 MHz, such measurements 
are usually carried out with eibh« r of two difforont instruments, 
the CISPR'^ and tho AHSI • Both am provided with a tun- d band- 
pass: filter at the input, the form-'r for 9WHz bandwidth, tho 
latter with a (sightly variable) bandwidth around 5 Miz. Th'^ 
output of the filter in both instrunvnts is fod into a d^'toctlon 
network consisting of a half-wavo rect3i'i--''r, a weighting circuit, 
and an indicatirig meter measuring the arithmetic mean value of 
tho output voltage from tho wolghting circuit, son Fig.1. 



ParcR 


P L r 1st T«t)4 Vs' !■ I ■, H V ( r-ii-x 


I - BiC 

M£T1=R 


Fig. t» ScheTnatic di agran’ of a radio noise motor* 


Usually, tho inotrum.-n ts arc used for ’quasi-poak* reading 
which means that the wi.'ighting circuit in adjusted for 1 ms 
charging time constant and 160 ms (CISPR) or 600, ms (ANSI) discharge 
time constvant. Tho mechanical time constant of tht' indicating 
instrument is made suff Ic 3«-ntly long to filter any rapid vari- 
ations and give only the mr.aa value. In addition to tho quasi- 
pcak, the ANSI instrument also has a peak and an average reading* 
The peak detector is a slid'. babk voltmeter which measures th" 
peak value of tho modulated output of the filter. The average 
detector, also known as 'Field Intensity* detector, has an RC 
filter at the output of the detector, which is dosign-d to pass 
only tho very low frequency eompononts ( Inoluding do) of the 
detector output and thus give tho average value of the output. 






intention "behina the weight inf? circuit of a qurist- 

peak detector is to give ?. roeding proport lonrjil to th* diutar- 
b ing effect on human being (which is not cnun>'<i by th^- progrw 
its('lf) . It is an interrating question aa to wh-.t r-xt nt this 
intention is fulfilled for thr* various tyo n of radio iut< r~ 
f croncG. oncountc^^'ed in practicrj for rx'U5ipi> , th * chTict-.r oi 
the- noise from a dc convortcr station or n dc I In' Ir. aitir'-iy 
different from that from ac equipn'''tit rmd lin n, or frntv hr)u« « 
hold appliances* Howevoir, this qur-stion has b'"on d'lxlt with 
elsewhere'^ and will not bo dlscussrd hv rv * 

Instrad, anoth.'r problem will b. anniyjiod, narn'l/ the 
prediction of the radio intrrfcrenc? from hb^h v''lt>e/e -ve ar . 1 q 
systems by help of mathcuntioal (or soml-mnthrm’'>t ic'd ) anal ys in 
of tirst’dato. on iqsiipmcnt, or of data from t- "t crig- n *'fK. t at 
lin<s, and. .alsofrom accumulat*^d exp^ rieucc fr'm 'xintinr linen 
of similar 'but nbt' identical uoaign* 

, Usually a quasi-peak r'oding is utiliz- d for such ntuUi^s, 

but it- goes without saying that thr. readings fren on inotrum nt 

based on annoynneo criteria may not n- cossarily b-* suitabl* I'-ir 

advanced ; ms thorn at ical analysis, Th' ref ore w^rk h .n be.’« carri* i 
6 7 

out * in order to develop a..brttcr adapt . d histrum/ jit i -r thin 
particular case, more specif icrdly an inntraTffnt bes d on th- rms 
value of the noise within thr passband. Ih n.' efforts h- vr «< t 
boon very successful, essentially due ta inhcr- ut limlbati'aa h* 
the overload characteristics of the Ixistrumruit . 

The autboTO Sarma and Cav.allius have used aaoth -r appn'Jach* 
A superficial study, ba,sed on energy cons itu- rations, shewed 
that a conventional qua8i*"poak m*"t'‘r for pulses iii the high'-r 
repetition rate, and osprcially for rnndomiaod pulses, might 
give a' reading not too far from the rmavaluo of the pulses. If 
this- would bo the case, then thf-* oiror^by using tlv) quasi-poak 



motor for Itcic cor'^'iio stuij.-n b" within toloranlc lii’itn. 

Wiifch this in' tho rcsponoc of th-' tw'.' motors In quc st i'‘ -i hns 

hcc'n studied in this r h'e comnut.'r n ■^mul ■‘tlou trcluiiqu’-s “aiul 

compor; d with thot of nn iJral rris meter. 

It could, with some justifi enbion, bo nrfju. d thot the 

r'",uio in borf -■ ronco i'r .'m hif^h V'-lt''./TC power line, is n very min.'.'r 

probl-.m. fho overwh-lmin/'; <mvount eX compl-ainto cone rninf: r'uiie 

interf cronce arises from household apper‘''tus, l:iausbri'‘il plf-nto 

8 

aus.! m'Jium v-ltag' transmias i '>a syotcp , in thC' ,l-> b ter C'\oc »'ap - 
c i '•'11/ from defective inaulators. Aii inc; trumont , Which und.''ubt<''iLl/ 
in reasonably useful for thi*’ bulk of inotrumrat.s r^i/ht well bo 
used even for the specific cose of m<''-a3ur : m" nts on hi^h v ’It'umc 
systems- ' 

j 

However, this is not the point. A faulty conclusion o,t 
the plojuiing st''»ge, resu^ut iny in a t 'O high interf erpneo I'v 1 
of an EH7 or JHV line , may force reduction of the op' rating 
v?lt'’g:: which will have cnor-'^oun econ" micsl consc quencGS - This 
emphasizes the import-'nco t.^f a C''rroct predict i'^''n ^f th.‘ Ivivfls. 
One, or actu.-illy the moot import'Uxt, olcrv'nt in ouch a prcalict i'ni 
is the lnotr;im'nt iboi.-lf,' ana if its ch-irac berirtics do not l'"n : 
thc-msc.lvcs tn mathcmotical aiialysin, cxcosaivi' r.rrcra may occur. 

4 M 

Haber ^ mauo aii a-iolysJs ox the quaai-pcak r- sponor of the 
radio noise m<*tcr t:- ‘p^.iric eic iii'i'ulsf. o with r'lndor ampl itu<.,v s - 
The analysis is based on the probability density of th input 
voltage to the dctc-ctijr and weighting circuits- Consicr ring the 
quasl-pcak detector circuit shown in ?ig.3, whor. are 

tho charge end discharge resistors, d is thi possitlvc- oacveiop^ 
of tho input voltsgA to tlv detector circuit, and is tho quasi 
pc.'ak output volt'"ge, tho chTgtiig axx'l discharge current and 
arc given as 

U 



- ■ ( 



CVS 



p{U)diiJ - 


where, p(U) is th^ probability density of iJ * 



Fig. 2 Quasi~peak detector c.tr c'iit 


In the eqjuiation (2), i ia th^ aventgo charging?; 

that is -very nearly constant . Since th^ iivor-igc charging 

current should be c^iual to th* discharg • current, the qurini-p<ai' 


value U 


9.V 


is obtained from (t) & (2) as 



Uqp) P(tJ) dU (3) 


The pibbabllity df^nsity function p(U) has bmn obtain'd anflyti;'* 
lly by Haber for periodic pulses having Rectangularly dlatribut a 
amplitudes, and tho integral ociuation (3) Is solved to obtain 
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The method of anal.yala iescribp'd ahcve can he extended 

to study the more /general prohlem of pulses havin/a; amplitudes 

■ 6C 

as well as tho sepgratjon intervals varyin/:;; randomly accordin/^ to 
specified probability distribution’ functions . However, an 
analytical determination of the probability distribution function 
p(U) for the /general case ig extremely complex. Consoqu* ntly, 
a dj^3:ital simulation technique is used in this paper to obtain 
p(U) for any frjvrjn distribution of the amplitudes and rep- tl- 
tion tim.'a.' The corrospQndin^? quasi-peak value is obtnlU'*d by 
solvin/?: equation ('5)> aiid the avera+vo and rms value s are obtaint d 
as 

" / u p(D)au (O 

0 

i 

“rms-t /u2p(0)dClf (5) 

0 

Some results of the digital simulation study ere vorifi*. d by 
a hybrid computer simulation of the meter rosponac. 



The ideal method ei study in.t tho response ef a relsio 
mc.t'-r is to ^^riwrato voligo pulses similar in shape to corona 
pulr.i’s and having known random applitudo and pulse soparati'.'n 
intrrv.al characteristics, and f^^cd them directly int-' the meter. 
Since no such random pulso generator is presently available, th-” 
meter responac con not be obtairud directly from tests* However, 
tho random pulsos as well as the motor charact eristics csii be 
simul«’trd oith'T on a digital or on n hybrid computer* 

Sinco the meter caii be nssum.- d be lin-,ar up to the 
dct<. ctor atego, a pula© input to th© mif-tor may bo rspn^sented 
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in both s itnul ".t 1 ui t<.'chai<ltAi s by o dotfct^T liiTtut vu) ao c'rria™ 
pondiug tc the positive envolop'. el th- first p.*nk f thf w'lV,’,- 
form shr'wn in Fig. 2. A r* ct-’.nrnl'^r pui«r input t ’ th*- m- t r 
having an amplitude and duratlMi T In th a r<pr. Ht..t d ly 
dotf'ctor input pula*: having an amplitude Uj Af» a djrvti a 

= 2/At and a form defined by a(t), wh-ro 

a( t) , f- 1 t 1 2rf“ ^ ^ 

A random pulse input t' thr meter in rquivaieut t. a del- at 
input of 

K 

U(t) Z-^ h. a(t - TJ 
i=1 ^ ^ 

Where h^ and are the random amalitudoff and raln<* Sf'p*’r t ' 'a 
intervals respectively, arid N is tb; number, annutr. cl hui r ir b all •/ 
largo, of pulses used in th^ aimulati'^n. EquatS'n (JO) in n t 
valid in tb^ case when is !• os then T|, slic • in ouch e. cane 
two or more pulses arc supi rponnd within thr; beiuljK’na fiit r 
of tho mrtor. A method, of t'king lute ncc'.uut th. nu*'. rr-'filtl'a 
of pulse’s is discussed in the Appendix# 

In both me- tho ds ■■>f ninul'’ti’U, th-' ceoaa cf ac -'nu clc 
corona pulses are consiciored scparetely. A C'utinuous h<n 

of random pulses represents th.' caso of dc oor.-nn# Und'r ao 
conditions however, the corona puls* a produc'd during tb punitive 
half cycle are the main aourco of interference. Burinr th- p< ri-’C. 
Tp af each cycle, pulses occur only during a time iijt-.rvii 
centered around tb:- .positive peak of tb' alt.'’jmatin v* I t^-gc . fh 
duration of depends on tho applied voltngo, conduct "^r surface 
conditions, S'to#. 

r , , f • i ^ 
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D i,'T it .nl a irnul n.t i o ri 

In digital simulation, a r,anidom clebecfcor input pulse 
train U(t) ho.ving wspi^oif ied probability dintribut ion ior the 
amplitudes and the piAlse separation intervals is generated, nnd 
the probability density distribution p(U) is calculated by random 
sampling o.t' the pulse train. Thf calculnt' d distribution pCd) 
is then used in oquations (6), (7) and (8) to obtain tb^ qu.isi- 
pcak, HV(.ri%Te aiid th rms responses of th'"- meter. 

Fig. 3 siiov® a typical random oulso trein. The ai.'pl ituds n 
hj 'ind th' pulsf srpare.t ion intervals T^ arc defin 'd by. probabi- 
lity funct'^ouB p(h) and p(T) r(?spectlvrly . For example, o>:p( ri- 

111 ? 

inaital. evid.'.noe shows * that the pulna amplitudes hcv“ a 

qa.ur.cian distribution whil'. th- pula-: Boparaticu intc-*''V'‘Is have 

and exporu' ntiol diatribut ioiu 

iiaiL o f random n ul.a e amplitudes and senaration intervals. . 

b i. ^ ac" O’ ran- a-, r cor"' 'pnrMj'n'- 

to the pula v he indite and sopor \t ion 1:'it.'‘rv''ln .a.-*"o gaier-'t-rd on the 

nonputar uniug' standard subroutine-* for commuting uniformly 

dlstributrC r-ndaa numb ■".o bat a. tU; 0 and 1. Ooaaidtr, for ■*X''*mpl' , 

th probaulLity ciiasity function p(}C) of a r-nadom variable X ns 

shown in Fig. 4(a). Fh correopoadin^ proonbility Uiatribution 

futictien P( a) , wiii«h in uex inod as 

X 

p(x < X) := r P6x)dx (8) 

-a 

in shown iii Fig. 4(b). Fh- function B(X) varies between the lir-ito 
0 and 1. If P(X) is now renr scut-, d by a random numb'-r Y distri- 
but'd uniformly betw an 0 and 1, tht solution of thr equation 

Y =r P(X) (9) 

gives'*'’ the dcsir-’d sequence of random numbers X having th' given 
probability density fuactijn ' p{X). 





i'ig,4(a) Probibiijty U.risity 
function. 



f 'Ul f; ti • 


Aosuming, for inst'ncr, th- fc t‘t. 
m,ally <li*?tribut'' tb ''rf^b 'hil i V/ *. 

IkiOX 

p(X) = — -L-— - 

"■op a 


c 


’> itM<. 

f.ij.utl .* In 


'-.r" U' :*•" 
K'i'. -n yt 

( V') 


whoro p, is th-’ moan pulsr nmniitu-jc* aiiu o In th- nt'Ui-.'irl vl 

The corresponding probability tiinbrlbut 1 ?n function! .In n no 



20 ^ 


oO 


P(ii) ^ -X. 

0f2% 


0 


ax 


(11) 
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Tho ocquoncu of nurrn/dl/ din tribufci’.d paint, -ipplitua s nr'" then 
obtaiu-d by vnolvin/r th'- rnllowinr; int (..f’rrnl rqu'^.tlon for h 


r p(h) .. 1 

(j^2n 

I 

For a /Jivnii v'tLuea of T, nquatjons (12) can bf' aolV’ d nuprrlcKLly 
to obtniln the c-Trc‘«pondin^ vnlUf of h. 

Since only poRitiv.: pulcr* nriplitadcs 'iro c''aBjdi.r‘ d in this 

atudy, it in more appropriatr to rnprosent th^'n by a trancat'vl n-’r- 
rrt-’l dintributl ni funetjon* The.- probability d nnity functi/n is 
annamfi.i to b*' truncated on both nidco of th.. s'l-' ai; at (p-a) arul (p+a), 
vrher" (|i-n) > 0. fh ' distrjbuti n is n srr’alizcd by mokinf.^ the ar' a 
unr.cr th r aultarit probability d^ nn^ty function cqu'fL to 1.0* 

3quat j an (12) -will thtn bo as 



<X) 


P ( h 

PTd+a 


LznlliAr.'iL ... «?CkL.T 

pPUT-a) ■ 1 - ^ P(li-'p^ 


. _ _ - <1-5) 


Equation (H) is again soli;ed natperlcally to obtain h. for a given 
value of Y. 

The pulsa separation inberval.n may bo represented by th© 
exponential probability d-Tisity function 

P(T) = (14) 

whr’TC 1 />. is the mean separation interval* 

Th’ soqurnce oi random pulse aoparation intervals may be obtaliiod 
using (9) as 
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Y P(T) = 1 - 

or I ^ In ( 1- T) { 1 ‘0 

A 

Biiuation (K) is thc-’n solved cxpl3c3tcly to ob*.nij; th< riMJ-'r so ; - 
aration time's as a fanetjon oi fch.' untforriy dlotribu*.- 4 r'.j.'i 
number Y. 

Oalculatlon of p(U') » After p’n tb. r-uad'-’’ d t- ct •> I..;* it 

input pulse train, as shown in Fi^#3| by tlK f t ■■d d- n:riio <4 
above, tb- corrc’spondin;^ amplitude probability d.ir^Sty I'l.aotl u 
p(U) is calculat d by random sar’pliii.o!' in j-ach pol''' n p •* r*'>t * a. 
interval . The sampling!: is d- a .' by fC' n‘ >■ air- ta •; as*4;‘ r*"l.v 

distributed random numb-r f, and atd' ct in,-" th- aaM>l litr t I'- I *• 

» 1 1 

The correspondiUit? amplitude of the pulno .. 

by calculating U(tg) from equation (10), fc^Jkin/' lat • acc' Jot %h 
superposition of pulsus if necessary. Th-- pr lr-.tli ity d unity 
function p(U) is then obtained by c 'Unluorlri«J- a naHi<:1*utly 1 '-.ro. 
number of samples. Finally, ths. n lutl n -i' cqu'^tl un (1), (4) 
and (5) gives the qunoi-p.-*iic, averajp’ and the r’s ri np un. •) a ^ 
meter. 
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This lecture will cover the following topics : 

(a) Energy sources : Transportable nnd Locally usable; 

(b) Methods of development and their limitations in use : 

(c) Cotnpariscin between power situations of India and Cananda; 

( d) Power handling capacities and sr^lient features of lines from 
400 kV to 1200 kV; 

(e) Exampl'^s of power pools in India; Hydro-electric and Thermal; 

(f) Transmission voltage selection for hydro sites; 

(g) Rate of power growth for thermal stations and voltage sel€-*ction: 

SBOTIQH 1 : Tntpoduct ion 

A student or research v/orkcrconcern'»d with pow"r transmission 
in India must be aware of the energy position in this country* With 
the extremely rapid paco of development of industry on the lih'^'s of 
North Am'^ricaa, Eurtppo, and Janan, which cater mostly to the econo- 
mic uplift ef the urban copulation, which in turn brings the horrors 
of over-urbanization, oni; should not lose one's orientation on what 
tho engineers' ei^forts ar-'.' doing for tho progress of this country* 

It is therefore imporativo that W'. understand tho nature and extent 
of our resources, the rate of depletion or conservation of the same, 
the energy rrquircnr-'nt for any given region or the country as a 
whole, and the m-^thods of planning* 

It might bo categorically mentiori ’-d at the outset that unloss 
now sources of energy arc developed rapidly in India, rolianco on 

conventional thermal onergy sources will bring the wheels of prog- 
ress to a complete hald within "a century, oven if all the hydro > 
potential is dovolopod. By the year 2100, with the novor-coas ing 
rate of increase of population, combined with tho doplotlon of non- 
rottowablo natural rosourcos , India will bo in dire straits . It h«s 
boon rooogniased, without questioning or an understanding of tho 
basic prime i^es laid down by Mahatma Gandhi, that some top people 
in the electrical power industry have taken it- for granted that 
olootrical power forme the basic necessity for the progress of this 
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country. I will keen away frorn thin dob’i*;o, but it norlou® 

thoughts whether the above asnur^ntioti !•> trun. ho th-t. no it , 
the development end use of ol-ctric'-l o3 nc-ot h v.-rv rnnfc 

reapoaaibility on today's plr;ahorn -nu rr>n’U.:«rn. Thin wiat -unt 
he emphasized in collogo and Uriivornity curricU-x. Sda 


ion’1.1 


institutions must instruct as much on onar^' 
control of power by computor mothodn. 


na on tliO 


The ahovG is my personal or in Ion. 

Bloctrical energy sourcon fo/ iauun trial 'usd uaco 

can be divided into two bro.id cabugcri a, corprininf: tlw foUowlrig 
methods of go no rat ion; 

U Transportablo ; (i)iiydro electric, and { il) Coav -at ion-t. 1 th rm?a 
2. Locally usablo (with limited arount of trnnnrort); 

(iii) Conventional thormnl in urban load contron: 

( iv) nuclear thermal: 

(v) Wind energy: 

(vi) Solar Colls, or, photo-voltaic energy; 

(vii) Solar thermal ; 

(viii) Geo “thermal: 

. ( ix) 'S5agae to “hydro dynamic or fluid-dynamic onorgy: 

(x) Coal gasification and liquefaction; 

(xi) Ocean energy: (a) Tidal (b) Wavr (c) Thermal gradient 

(xii) Biomass energy; (a) Toronto (b) Vegetation (c) Cow dung. 

Sources (iii), ( iv) , (v), and (viii) can bo oonn ctod to 
an existing grid also. 

asciIQI II i mH 

’I 

1) Eydi^-Blectric Bower : The known hydro potential in India in 

50,000 MW (with, 40 GW inside India and 10 GW in Hepnl and Bhutma. 
30^ of potential or about 12 GW lies in the Horth-lasttrn R«gioa 
in the Brahmaputra Valleys in Arunaohala Bradesh and Msam) . 

These can be categorlaed as (a) High-head (26%) (b) !tediu»-feead 
(47%) (c) Lo¥“head, (< 30 metres) (7%) and (d) jRaa-of-fehe river, 
(20%). Presently (as of 1980), 18 GW are developed in high-and 
medium-head stations. Beservoir silting makee the life of a large 
dam between 50 and 100 years, so that re-looation is neoeeeary* 
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'JDerracifig of f ast-irtoving streams iix the IliTnalayas can be carried 
out as is the case with Switzerland^ 

In India, low-hoad and run -of -the rivoijplants have not boon 

developed, althouf^h o. lot of nlanaing has taken place for the in- 
stallation of micro-hydol power stations- This is a rich area for 
investigation for one who is interested.. 

2) Go ad : The five broad catof>:ories of coal in India arc : Boat 
(4500 3TU/Lb) , Lignite (6500), Sub -bituminous (7000-1 2000) ^ Bitumi- 
nous (14000), and Anthracite (15500 BTU/Lb) « 

Only non-coking coal is usotl for power generation, which is 
ostiwated as 23 Oiga Tonnes (which is 50‘;/> of the total deposit of 
this variety) . The present installed capacity in, Central India 
using the available co.'fL iii that region is 4000 MV/, burning up 
12 Million Tonnes annutilly* The present rate of annual increase in 
installod capacity is nearly 10^, but this will have to bo slowed 
down to 5^' annually. In the U.S.A., which is one of the coal -rich 
countries in the world, the annuel rate of increase in installed 
capacity is‘ 3*2^f' for coal -fired stations. 

The estimated lifo of co.al deposits in Jndia at different 
rates of annual growth in installed capacity is as follows: 

% Annual Increase ■ -5 6 7 8 9 10 

No. of Years for Doubling 15 12 10 9 8 7 

Lifo of Coal Deposit, Years 140 1 20 1 08 97 88 80 

3) Oil : At present, oil is used exclusively for transportation. 
Therefore, none is available for olectric-power generation. 

4) Natural Cas t This rich source of power is not known to exist 
in India to any great extent for evon domestio-oooking use. There 
are a very limited deposits near oilTlclds which are used for 
runniijg gao-turbinc electric stations for local use* 

5) .li^ , . i 4i « {&J i L A s .J 5t * Tho efficiency of a conven- 
tional thermal station rarely exceeds 25 to 30%. But when tho coal 
is liq.uef led, _beoa«.ac tho ash content is removed, it can generate 

as much power as 7 to., 10 times its wol^t in coal in high-eff loienoy 
internal combustion engines. - Indisancoal contains about 45% ash, 
eo that transport of this ash in coal is very uneconomical. Shis 
is further ‘'complicated by tho largo pilferage of coal at stations 





¥hor© the ■ coni -haul tr-iaa ntop -lua t’O'.- I'-'.ct th t f. v'\/y,n »3 

arc direly needed for roocl-tr'Oinport'-.t .1 ’o . Th ref’r'-, v/itl; 3 iiaefiod 
coal and uae i?f pipe linos, powor-r:';n r fclm na.i t'-k.'. nl '-r' a -..t 

contros with inoro reliability ii‘ pl]5o liin*n -w • d pr’-a,: rly , 

6) Mucloar Baor^gy i Recent cveutn h->vo yiven t'o Sn tyn l ■■a* rr/j 
a lot of publicity which h-.vo oxron 'U in n-w ■ »” -oir' , th-- ...h a -.n 
well as tho limitations which India i'-’con. Froico -h.o >1 ft? 4 .;. i*; 

its total national power output In uucluar th •; t'-tians, r- 

ting s^Tn© to the United Kirigdon thr')U,yh th(s unuer-non jj.C* caoio 
(about 2000 MW). i'ast-Broodor-Rcactorn aro now P-ir-f wluel,.' 

used. In a Liquid-Mo tal -Foot Bre* aor Reactor (LWhH), th" in I ir 
mixod-oxido U02 and Li*02 , which in c'"»noorvud t*? q-'^c extent 1/ 
converting U23a to U239 and then to Pu239< Preneatly, th" .l"r 
ratio is 40 ^, iO.1 reactors use liquid Sodium r->r h 't exch^nffo and 
no moderator is used as in oonvoutiraal thermal r<t->ct->nj . 

3ja India, there exist very limited Uranium Ucponltn in Blh''.r, 
but tho world’s major deposit of thorium li-.o in KorU'u Ronoarch 
in using this oloment in nuclear reactors is a<-'a-exlntoat in tho 
world on which India borrows heavily fjr its tuohn*>laglcal d<.vol"p- 
mont, and utilization* Thoroforo, India must dovolop itn own rooo- 
arch and development plans if its nuclcer**cn j»rgy for th*,- futuj*p in 
to be guarantood* 


7) Mtea BBere y : it is esttoat.-d th.it so?. 01 ' Inala'o power requlro- 

neots oaa he ^et with wlod eaor^^y development. The Uooonn n»»enu 
has winds meet favourable for lurKe-soalo power preduotJen with 
average wind velocities of 30 Km^r hlowlog conetantly. 

¥lad rnllla or turbines can be of the horisontal-or tho verti- 

facility for varyl.^ the 

Kw ! * mose can develop upto 

taatallatlon. A power output of 10 KV will require 

!”! 50 XnM. In n.ral arons. 

a power of i Kf to 10 IW requires t aor® of land, 

is to natur® ,so that 8to3?i|ro facility 

'ssed''air,'*^*'' 8torii«« hattartos or'oompr®- 
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Latest jjnpro'voTOonts are; (a) use of auginentors which create 
a vacaum on the downstroani f?ido of the blades, thereby incrorasing 
the power output by a factor which could theoretically roach 100 
but at present is about 4j (b) Use of a Venturi duct to enhance the 
wind velocity by a fe.cbor of 3 at tho turbitio located in the neck, 

as designed in Portdg'’!; ( c) mounting the Vonturi duct arrangomont 
on railway tracks to orient tho machines along the. changing wind 
diroctionsj (d) tho MADRAS systorr, which uses 7*5 metro dia 30 me- 
tro tall cylinders wheeled on a, track by tho wind to whoso axles 
are attached tho generators; and finally, (o) tho Tornado System 
using a wind tower 600m tall and 200m dia using phoap fuel to boat 
aix on tho downstream side of tho turbine to create the partial 
vacuum. 

Per an electrical onginoor, tho challenge is in devising so- 
phisticated control system in order to generate a constant!-froq.ue- 
ncy const ant -arol tags from tho variable -speed generator, and device 
circuitry for synchronizing tho generators to an existing grid 
system. This has bnon accomplished by tho Bonneville Power Admi- 
nistration in tho U.S.A* 

8) JB M X K X... : Primarily, solar colls wore usod.-for spaco- 
satellitea. But, recently, they arc finding ubo for dooisstio power 
supply and in Industry. As of now, 1 K¥ can be generated with 

5 sq.m, of panel at an insolation level of 400 cal/sq* cm. /day* 
Average Indian insolation level is 600 cal/sq.cm./day • By the year 
1986, the U.S* hopes to develop cells which will cost $ 1000/EW of 
peak power* This is the same as tho installation cost of a nuoloar 
reactor, but the advantages are obvious. In India, plane for re- 
search, development, arid manufacturo of Silicon solar colls aro 
already taken up by tho B.H.B.L* and other plants, since this c-. 
can be combiriod with thyristor manufacturer* 

9) Magaeto "Hydro -Dy naff io Po wer : The largest MHD gonorator that has 
successfully complotod testa is the AVCO 500 K¥ unit. Ourreat- 
oollectien at temperatures beyond 2000^0 has been overcome. Super- 
conducting magnets ut^liizing liquid-Helium at give a dosjigned 
field of 6' Teslas', but the usual field strength used Is between 2 
to 3 I. Hot liquid-sodium from LMPBR»s have also been utilized as 
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tho conductor ot about 550*^0 in oruor t"' '.ovuJ 'p f" r. t' 
fxtX auxiliary M-F-U gonv'''rutor n-ar tho react -r* 


10) Fuel -Coll Energy : The firat luol-Coll c-'uof 
intorchaaf^o in. order to yicli a ■■'L ul- c^.r- 

aamd tir^o pro^vido clrinl£lxiiS!*“walcr to astronautn 
Electric automobiles were devolopcU Uf-iii*.! th*; n 


pt*. .K, i i i r.r . ’■•a’' 

'.d'. II t t 
In nr ico rr"tfr-'.""-en 

n^r< Cf'.r.'Opt* 


» 


The most recent version d.evelor»'*d by the Oonuoi idatnu ridinnu 
Co.' of New York uses a modulf op'^rnt in.'.* at 100 C* coil 

develops 0.7Y at a curroiit density of 0.16 A/oq»o-. rim total 
voltage outout ol the inn t all ^.t ion is n-B kV, Ciial to that ol a 
standard power-station generator. The pow*’jfr outr-ufc in ©xpfctoa to 
reach 1 M¥. 


11) Q.c.eaQ. Energy. : Energy from the si^a can bo clovolop«’d in dhio- 
rent ways. ( i) Tidal ( ii) Wave ( iii) Thon^ol qrodlunt. 

Tidal Tower : The highest tides in tho world occur it 40 to 
latitudes, so that Indian tides arc li^it-d. Tid'js urto '*>.b « 
0 xis’£ on the Gujarat Co\st, at Bombay, and '^t Hoogly. Thv C.K. 
tidal development is vory oxt'uiiivu, and thoy hope to dovolop 
8000 M¥ or 10% of the national power requirement by the year 2000. 
Prance has succqsafully put into orer ttion a 2400-KW ntf-tlon at tho 
Rance-Eivof estuary using bulb turbinuo. 


like wtod power, tidal power in intorelt teat and rnqalron 
storage systomg, S^a • water is stor 'd in .a rusorvoir at hlgh- 
tide periods which will flow through turbiana ixi thn convent Jcnril 
way at low-tide periods. In Cananda, .a unique nyntb» ax lots at 

It 

the Bay o'f Pundy on tho Atlantic Const whero the power dovoloond 
at -.two tidal -power stations ia used for runuing giant pumps for a 
pumped*storage plant nearby on tho St. John Rivnr. 

M St Y^ Bft9 , rgy : Depending upon, wave height, on avoriigo power of 25 to 

75 KW can bo developed per metre of wave longth. However, the 
highest powor attained to date ia 5 Kw/m of wave* The echom® ubos 
sealed -Chambers , olosod at tho top and opon to tho wave at tho 
bottOTO* ; When ^ the orest of the tov© pasaos through suoh a ohambor, 
it ooifnpresses the - air, -in one ohambor which flows into another undor 
which tl^e tipdgh^^of. 4 bo wav® is passing. , fhls oowppossuci air flows 
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throufjh. an ■ air-turbine driv’in/’: a p:enorator» 

Tbo inoot talkf'd-of scheme ivS in Japan, where a 200-motrG lon/^ 
30-m wide floating buoy (anchorod to the. sea- bod) has chambers 25 
sci-m. in area. If/ith a wave hoi)'':ht of 4 m it will .generate 30 MW. 
Each gonorator is rated 125 K7, 3-ph, 200?, 950 RPM. 6 poles, and 
47 *5 Hz* The pow^r will bo unod for extracting Uranium from the 
soa watar which will bo utilised in i'<ucloar reactors yi'‘.lding ulti- 
mately 10 fcimr’S the power from the wave-pow'^r station* Desalina- 
tion to obtain drinking water la also cons ido rod. 

Ocean, Ihormal Po^pr ; Ihis scheme utilises the n'^tur^'l temperature 
diffar<‘nco existing between the warm surface water (25*^0) and the 
cooler ocoan-bod water (5°C) . A heat oxchangor uses the warm water 
to convert liquid into vapour, which then drives a turbine-ge- 
nerator unit.. Iho cool ocoan-bod v/ator is then used in a condenser 
as in a thermal station, and the fluid is pumped back to the heat 
exchanger for vaporization of The ocean-bod.. water is brought 

up to the suri.aco installation through a pipe 20-m in dia over a 
height of 500m or more- With glmt off -shore structures having ■ 
been dovolopnd for c 11 -wells , crocting powor-goncrat ion installa- 
tions pones no special problems. 



The pronont highest voltage for transmission in India te 400k?/ 
3-phase A*C* Nearly all Stato Electricity Boards have either adop- 
ted this level or will be adopting. It is. .a matter of only 8 or 10 
years more when a higher voltage for transmission will b© necessary. 
The C.B.I.P. has already focusood attention of concerned engineors 
on tho need to have planning done on whnt the next higher voltage 
should be, whether A.O. or D-C. or a combination of both. Thus, 
Indian power engiKieers are now going through an exciting period of., 
planning, and I strongly urge every one -to investigate this problem, 
from thearotical as well as practical point of view* It’ Is always 
an easy matter to be wibe after tho event, but-.no other single 
problem has such a socioeconomic as well as human bearing as the 
interoonnoetton of tho entire Indian power pool into a National 0rid. 





At tho 1980 SyT«T)oc.im^ oi’ fch'i C»'wl*r- h- 1 . '■*- O'-P-i, n 
ideas cryntalli^.od on thin r. 'rlufl,-, *;■; ootio-um '>t th't 

Symposium wna tli'it it in hos’'; I* iutr^- .uo' t, i' t.a.- n 1 • a' '-.nd p')oo 
( i) 765 kV (800 k? cloon) r’.n ih>. ti* /it hi-*''.-'!- nr I'ti i i 
(’ii) i, 500, k? D.C» for ccrt’'in li.*; tr- i nj ■ r, 

( iii) n comb iixation of both. 

tIHV of 1000-kV cln.nn or b- r-'.tlr , (• ; th , 

turn of tho coufeury. 


In conaitloriniTj such au important tipic, it in rt''.v,'hiIo 
drawing a parallel of Indian power aitiuntion vfith th t*; o, 
country.. ho, ving somewhat aim Hop problomo. To , C'uiaJlai; po,,-<;r 
dsTelopment comAs very clone to the Indirpi uitinthu;. 

Canada has a population of 2*5 cwrcs nnd tho rrffnnnt i;; « -il P-4 
capacity is 77,000 MW with the following dlntribut h-n ; s 

thermal 27000MW, Nuclear thermal 6000 MW, nud nytir^-oP'f'tri ' r ' .j-er 
of 44000 MW. As compared to this, India has i:.;. of 

crores, installed capacity of 50,000 MW with 40; Ui convent 
thermal and 18000 MW in hydro. The* projeotod rnten of gn^wt!; if 
installed capacity for the next ?0 y'.irs nro; C.nnnda 7’50 KV//yo'-r 
and India 4800 Mvz/year* Iho powur-doubl Ing will t^'ko pl'co ,in 
28 and 7 years, rospect ively , in the two ooutallroa, .^y thn ye.-^r 
2003, the total powers will bo oou^l for both coutrlo- at l/,0000MW. 


J-he situation in ths province of ,^ucb< c 
.seat to Indian power situation ixt so i-ir 'm 
is concerned with equal amount of power nnd 
ssion as in India. Tho power from the James 
Orondo River will bo developed as follows; 


Ifi Can'‘.ci’i c.’!**. n clo** 
hyaro-m loctrlc jK^wor 
distancQ of trans-i- 
Bay firoa ofi the ha 


station Belany Kanlo-5 LS-1 is-j lq., 

Povar.HW 2550 1000 1140 5500 2,00 2600 

Cost,M§f 500 750, lotal for La Qrana. t 12|000 

to t^«»lasloa aoy of thn la Oro.nno at.-.tlon. 

f oiT ** Montreal aad Ciuobeo Oity .111 bo 675 fUoe or 

^ Bn, ihe gsTdro-Ouheo has eitensivo szporisnoo obtainfd fro- 
their 735 hT trana^lssion eyets» over tho past “ 5 ^raL vi h 
.«hoh a yast erperlshoe. ih. eepaay ln,e.t lasted ,20o“v for 
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the Jarnes Bay dcvoloptnent , but dropped it in favour of the 735 kV 
level. These powers and distances arc’ very close to what they 
are dn India for hydro "-oloctric dovelopwent in the Hiw.alayan and 
Assaw regions, and the Singrauli-Ranigano area to loo.d centres at 
Kanpur-Belhi-Lucknow, Bombay, and Calcutta. 

It is well worth noting that the Hy dro -i^u oboe has' not consi- 
dorod thC' B.C. alt .■■mat ivo, in spi be of Canadian cxp'^^rionce in ± 

400 kV B.C. operating successfully in the noloon Rivo^' pro ject in t 
the Province of Kanitoba. Also, counbrivS such as the USA, USSR, 
and Italy who have planned lOOO-kV or more, ana Sweden, France and 
the U.JC. who have planm.d 800 kV clans lines and for higher voltages 
have not. cons idorod the adoption of U.C. transmission. This is 
not to imply that D.C. should not bo. .studied for possible adoption. 

¥*if 

in India, but very serious thoughts, must be. . given. dless to ’ 
say, Rural Electrification has assumed paramount importance and DC 
transmios ion, as it exists today, is moat econcmical for point-ta- 
poiiit transmission of bulk power so th'^'t tapping for rural distri- 
bution is not possible. Therefore if there arc several tapping 
points and rural Iini--J8, the cost of rural olactrif icat ion must bo 
added to the cost of trans^'ission. As of now, in India, gonnration 
cost is Is. 2500 per KW, transmits ian Ro. 500 and rural electrifi- 
cation Bs • 2000 per KW, which rncresonts 40^ of the total cost. 

If this is added to D.C. tr-ansmias ion coat, the broak-evon powers, 
distances, etc will bOv different from, what they are in North 
American and European or even South American continents. But D.C.' ■■ 
transmission, control of stability by parallel A.C. and D.C* lines,' 
back-to-back asynchronous ties, mult i-terminal systems, and so on 
offer one of the richest fields of study and invest igat ion in 
India, where such studies are either in the beginning stages or 
non-existent • 

Section 4: Po.yer.,,.Haa..dl...ia g Gapac it le s and 3..al....ie.at £..e..atu.re.s of 

£gMagiaiiQja,.Ida,c.a I.,s.g M 

* 

The following* voltages have been or being adopted in the world 
at 400 k? and above, with voltage value expresetd between oonduotors 
3-phas© A.O. s 4D0, 500, 750,. 1000, ,.'1200, • 1500 k? _ ^ 

Bipolp D.O. t 800, 900, 1000, , 1200 k? ■ 





Ibe power-bandling caT:)'i.cit:i''0 Oj. i.i;.''"' 

coTf'peasatioia) are nor«’-'dly bTn'*d ua th*’ irl !.')•**' a#.* 


' i', r'Vt ’■ ;.'i : 


i) 


A»,Q.» L.ia.e,s. ; Equal Tr^ri^iiiituc n nf.vd 

iTing ends with a phaao dipplucr^ont 
frow stability coriBiueritj un» 


f ‘‘*1’ KHi'i i 

oi' '1“ 


;.:i ff'i- 

S-’ll/ 'T 


ii) D«.Q- Litif.a. ; A currant. oI IhOO in t >k'-a t il -v 

conductor, which is li^it-.u by nrancnt b'Vi 

For A.C. liufs, baar^d aa the ab"Vo anna**'rt 3 -a , %h 
power, current, and wircont''/'*^ no r Ifian rv? -* f unrt 1 
of transTiiinsioa are an l*ellf?wn: 


hi '■ ’ch 

«■?., t' c'-n'-l-’ity. 
'■.11 

i‘ d !■’ t uica 


^ ) 1^0 wo r in F¥ , E = 0 .5 V^/x L ; 

2) Current in K A: I ' = 0.299 V/x L: 

3) .,% powor loss j p = 50 r/x. 

oro, V =s line-to-lino volta/»:r, in kV. 

X = posit ivc“i3oquoact< rbact-'.ncj.' nf liaa, nhrr/K^^ 
. r, S3 resistance in oh^j/Kr ■’t 75 C ''.nd 50 3!n, 
and L =s Line lon/:^th in K^"* 


Iho powor-handllrj® capneity '^.id cur;’'nt ad^'ina Iblu invaraoly 
proportional to licio length .at any given v^dt'a-o i<.*vel* H»wtivar 
the percentage power loss is Indop^ ndaat -d’ 1 iiio length but dop'^nds 
only on the ratio of rosiatanco t i roa i t ivo-ne luonce ra-xetjaned nor 
unit^which is a constant at a givf;u v dt-igo lov.d. 

The follovring table gives the oaliont featurorj of linen at 
different' voltage levels for calc-ilat ion ourposoo: 


■■ 

400 

750 

1000 

1200 

Av. Height, w 

15 

10 

21 

21 

Phase Spacing, w 

11 

14. 

10 

18 , 

Conductor No. and Lia 

2x52 wo 

4X50 wtrn. 

6x45 

8x46 

Bundle spacing 

.4572 » 

• 4572 

<«. 

“ 

Bundle dia 

Mr 

mm 

1 .2 w 

1 .2 « 

r^ Ohwj/Eo 

.031 

•0156 

.0036 

.0027 

X, Ohtn/BTi 

.527 

.272 

.231 

.251 

%. loss 

5.12 

# f 

2*7 

0.85 

0.64 


For instance, 'as ,oo»pared to a’400 the’losso® at 

750 k? are 52.7|^, at 1000 IdT are 16.611, and at 1200 k? are 12.5% 
fpr „traas»wittliig the saw® amount ©f power, fheae exolucte oorona 
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losses. The advanta^^e in ueinf^ hi/^h»r voltages is obvioUvS for 
conserviu^^ energy. 

The power~h8.udli.ng cape cities of line at difierent voltage 
lovnls for A.O. transwisBion -i-ro as follows. 


Line length, 

Km ; 

400 

600 

800 

1000 

1 200 

Voltage: 400 

• 

670 

450 

”335 

270 

225 MW/circuit 

750 

kV 

2860 

1900 

1430 

1 140 

950 HW/circuit 

1000 

kV 

6000 

4000 

3000 

2400 ■ 

2000 MW/circuit 

1200 

kV 

8640 

5760 

4320 

3460 

2880 MV//clrcuit 


The power-handling capacities of f.C. linns at varipus voltage 
levels on tho assutnption of 1 .8 kA per polo will bo as follows : 

dipolar Voltage kV ± 400 ± 450 + 500 t 600 

Volbagc between condnetors k V 000 900 1000 1200 

?ower p^ r Circuit, M9 1,440 1 ,6 20 1 ,800 2,160 

The powers o'^r circuit given above for A.C* and D.C. linrs 
will be utilized in this locturo to dir. cuss the choice of higher 
voltage requir'd for transfi’iss ion of bulk power from Indian power 
pools to load centres, as is being plann-'d for tho countiy. 

31g.2IQJ,.i : B&ae.KX,CJl,..Q, g 

Prom a plan rnado for the dovolonmonb of major hydroolectric 
rcsourcQB in the Kash’^ir to Arunachala Pradesh aroas covering the 
entire northern fringes of the counbry, it app'^ars that tho follow- 
ing MW powers have to bo transmit bou to load contri'S in tho Qanga 
Valley and the Western Coasts(^ Dov V-*".'! 

(1) 2500 MW over 250 Kmj (2) 3000 HW over 300 m$ 

(3) 4000 MW over 400 Km| (4) 5000 MW over 300 Ktoj and 

(5) 12,000 HW over distances of 250 Kir, 450 Km, and 1000 Km. 

Thero is coiisiderablc doubt as to tho time, at which some of 
these power pools will come into operation. Some planno’ra state 
that the massive power flow from tho N#B» Hegion to other regions 
of tho country will take place in the 90 ’s. Others say that the 
Installed capacity to be added in this region between 1983 
2001 is only 900 MW* Still others state that tho installod oapa- 
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city in the il.B. Re/^ion will to ?C KV t\.' t’:; 

A*h. Thor'.foro it apnt are th; t tho evoxurit !.•«; "1 t- • r : ro- -mch 
vast pools oi’. rosoarccs in o •"otti.-r 1 ;r lioo ;* i” '■•■rar 

the tir'C of impl.oin^ont'it ion . Thin rl'xro n o:- ■. s- r 1.. i : Ity 

on power onf;iii ., 'ts to bo r»'or; Cijr»’'in nh.'ot -i- *, i i.. . *•. r t rl-iu 
ofi'oetivoly in India. lijw' v* r, it ir. c.-rt- la tK th't i-.w^r 

pools will bo dnvulupi'U and >. ;.-:h’'r tr-ant- 1;-: i a v 1 t-'o .*.( ".kV 

will bo nocoranary. Tho 'ictu-l v ’It’vr.’O nnia r • ; ,'iroii*n 

roq.uir. d will bo discuaa<-d In thf* n.otl’a. 


..As Is evident fro'^ the oublioity ^:.ivou b ; dai 

Thermal !Power Corporat ion, ' the power pool tor t’rn'r**-u.l r-'ej,.:*ra- 

tion is in the Slnp:raall-Rrmi,fri,i.1~.lh’’rio coftl iouel 

befor^ transport of Indian coal i'rtW' •’’iuoa to oentron in 

fraught with drawbacks due to lar.yo anh^on' eute, piirer-"'e, an i 
lack of railway vragons. Therefore, an t danlo .'1 th« 

Jlanning Commission hos ncceptou mi;ie"*^04th f^wnor- w;-; tfaui- 

misslcn to load centreo no electric povxr la the only T'oijcy. The 
present installed capacity is 4000 FV with n very rapin aa.ia 1 
increase in power which io nearly 14;. in the very near future, but 
which will have to slow down to 5 )- in cjurno of tlffc. fho pov»jr 
generated in this gigantic wol will bo tr'ujn-ltti.n t-'- h -mpay, 
Delhl^Kanour, and Calcutta aroan* i'h.o powers trf'.n’^itt''»u will bci 
nearly etual in th© throe direct ioun, and in Section 7, the roiui- 
red higher transmission volt”'grs ^uid th'- number circait?i will 


be discussed. 


SBOTION 6 : Siglgr lalilMP for « 

a . a . fi.trig and SvacuatiQp 

In tho previous Section, the ©xpaot*‘d powor at sovor??! 
hydro sites and tho distance of transmisalon were givori. In 
Section 4, the power-handling capacity per oirouit at novc/ral... 
voltage levels was alao^given* It. ie now a straight -forward matter 
to decide^ on the altomativ© traasmlasioa sohemoa rcfiuircd and 

stould not tax the inteiligenoe. However, the folio wiiig Tablo in 
given for ready referoaco* 
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% Annual 

Increaa^p 

5 

6 

7 


Power in 

1990, KW 

65 20 

7 0“^“ 

7 ^ '■ ^ 

' ' 1 ‘ , 5 if. 

Increase 

over I960 

25 20 

3160 

7 4; 

. * i ’ 

Power in 

1995, 

61320 

9590 

1U'.; 1,' . : 

, H ’ f ^ ‘ 

Incro aso 

over 1990 

1800 

2.13CJ 

7 17!' , 

t r • 

Power in 

O 

O 

o 

106 20 

1 

r -■. <>! l-'Oa . 

,931 

Increase 

over 1995 

2300 

3250 

44'a - '■ * 

■■ ' ,.’K, 


Thoroforo, any plaun InM Uov.i '■ r Mi' cK" i •• 
numbor of circaitf' woula bn b -'v ■ i. ■■ i 

the powers, which will not only .h* tb- ( -.1 

but also on the incroaao with ti-'o# 


ru''i 

‘ ' or 


Mow, undor the nBnuwption th'.f; tht pnwrr : r *• i' i * t l ir 
transmitted equally in 3 direct ioo'' , no^-o Inolr--*. i a ,ii- 

recl transmission circuits c ui be ■./f'rk.al out* Th- ■;. 4 : «, t 

ma^jor load contr^-a aro: Bomb ny-1 POO Kmj Coicutt-i - i y->j 
Delhi - 800 Km* V/o will further r^noumr; th’-.t *1 i «. > ’ •*. ...!■• ' k , , i 
jeeted 400 kY lines will bo fully leau'-.l bv th • y ■ r 1 i u » 
additional linos will overlay tht <<xj;itirt« 40o kV i.- t... 'fk. ; ••ill 
restrict to A*C. linos, since an hns nlra idy rtiat'--.' ut, 

major power - producing countrion have docluo; '. u unin • A.C. >.t 
the 750-kY, or 1000 kY, or 1200 kV lovcis* 1 will ,1 .v<< It t y u 

to work out tho D.C* nltornat ivon, but keeping hi iuu th 1 th^r’o 
liiics will run in tho thick(5St**p^P^^^'^t‘id rog i ua i' thin p fulu'-in 
country ana rural eloctrif icabian am. tan^’ing 'ill anoa«<i t 
importance . 


By the year 2000, tho following tr:ui0"lafil' n 1 iji-, n will bo 
necessary between 1990 and 2000, when th.' r.ato of gr wth in 

taken aa 5%, 7%, and 10% annually, that is tho doubling of p.w r 
requirement occurs in 15 years, 10 yoaro, and 7 y<'nro, r<;np*'Ct ively • 



i-Sala 


Pool' to- Bombay, ’ 5% 
(1200 Km) 7% 

10% 


Xilifm a , .-! fla ao. of cirn,....,, 

(Roqairr.d by 2000 A*D.) 


750 kY 2 
750 kY 3 
750 kV 6 
1000 k? 3 
1 200 kY 2 
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.BM&. 

Ia.i,fe.ar:6 Qi.^gg, 

Bo. of Circuits 
(Required by 2000 A.B.) 

Pool to Calcutta 

5'/. 

400 kV 

5 

(600 m) 

1% 

750 k\r 

1 



400 k? 

6 



750 kY 

.2 


105 !^ 

750 kT 

3 



1200 kY 

1 

Pool to Belhi 

5f< 

400 kY 

3 

(800 Km) 


750 kY 

2 


1% 

750 kY 

2 



750 kY 

4 


105 »'. 

1000 kY 

2 


Prow.,the above table, we can. observe that for evacuating 
power from the Central -Indian generating pool, a voltage in excess 
of 750 kV is not reoLuired. Eelinbility considerations roquAre two 
circuits^and 400 kV and 750 kV serve the purpose well. As Tpentioned 
in Section III, the vast exporionca gained by Canada in their 750 
kV system and thoir decision to stick with this voliege class, even 
after invest igating. the 1200 kV A.G. and D.C« transmission alter- 
natives, should form food for serious thought to planners for ado- 
pting tho 750 kV class for Indian conditions. I offer this as my 
humblo suggestion. 



l-Vl-'', A:-. 
.pJi *'®A. 1 ‘' ' 

Charge of • 


§ * 


v?e alr'jady dui.cri.b-d luu i:m!.ut 4 m.‘ u'm . ';. 
charges on the idiaso co.idiictor.. I’ra. : 1...0 '■/: : 


IPhia is, for n couduo^,oro as uhuv/n n. i’'.,.urj <• 


2^2 [4] = [P]"' [U] = [M] [V] 

0 


where 

[<i] = [^^,q.2f ••• f ‘ija,] 
[V] = ... . VJ 

aiid 


d 

R 


^ £i’ , 

T > 

i,i. 


j 

^'y 


"< 1 ^ 


h: 


'V 


r- 


*• J 

\, 


[B] = nxn inatrix of Maxwell’s pofcenti.'d coalTIc !eu*aT 
2H. X,, 

with B,. » Ln (r— » ) and Bj ^ sa Ln (7^) 

ii ® 0(1 ’■J 

where = height of conductor i above rround 

^ij ** distance between conductor 1 abovo i^rriund md the l^'v'e 
of conductor j below ground 
=s aerial distance between conductors 1 und J, 

^eq. ~ otiuivalont bunuXe radian, 

i|j =s n 

H = number of sub-conductors in bun ole, 

Y s= radius of each sub-ccuiductor 
and 1 as radius of bundle. 


Ihe line— to -ground voltages IT^.to and bundle charges tu 
are sinusoidally varying in tims.^onaequontly, thi -d-ct r.'«tnt ic 
field induced at any point noar the line is also varying ninum'i- 

dally at pomr-frawenoy. Phaser alRSbra oaa ho uand to cj-hJo« 

the several corponeats in order to yiold the ae^plltuae of the re- 

suiting field. 

Blaatrc>gta^ig of s/c ’’s-nhaB^ ling * 

At a point A(x,y) in the vicinity of phase conductor i with 

coordinates {r,y) referred to an origin, the field strength In 
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2% e 


in which 

d| = + (.y~yj^ 

wnm (WIWIWB lUiLi* 9 

Its horizontal and ■v'’rtical cowponcnbn nr'" as follows: _ , 


5.. B cos B 


2ne 







2n€- 


y~y^ 


o D. 


®V - s ’ “72 6 ^ 

Tho contribution fro^ the iwayo char^Tie conductor i can also 
be calculated* Tho field coT^ponents o.ro now in diroctions opposite 
to those of tHe lino charge. 


o' V 


sin (90~6'0 




whore 


*7 cas (gO'-e-’f) 




s(x-x^)^+ (y+y^^) 


Ihe total horizontal and vortical compon-’^nts at A. due to both the 
conducthr charge and that of its image are 

■iii.i) l» ii»ii « ii— ! ■ ( Tf •""ir . ^ f » » »i — «!■■ < «( M ■ n iii w ' - i i i — I III T 


Tal - 2*^^,, n) 1. „ 2 J 

## W4H. 


Vi ® 


(d/)^ 


0one©9.acntly, the total horizontal and vertical compoonte of elect- 
rostatic field duo to n conductors on the tower will ;.tura out to be: 

n a. 

®lm " 3^. %i» ®va “ fi ®vi 


The total field at point A is 



1 >' 




(E,— ^ + 


5.2 1 I /2 


“tn " ^ hn ' "vn 

Effect of B .3. Fi aa ,. : 2 H A ll , }- 

IhR Gft'oct of hi^h o«a» i’i':!''. '■* 'J»'' 5 *v 



irnportant on (a) hUTnan boiiW'.n^ (b) nai'*'"ln, (c,pl ’.** 
vehicles. Ihoy olpo h?vo on cflcct "u r-nnuJJ : n- 
located urxuor and near the lino# it io ci •’>* .<• 1 

of finite size. is located under th line, it dioinruM 
the degroe of distortion dopondiiir!; uruj t’*-'- ni* e,.' 
object. This Is quite nn advanced t^ric an' will ;; t 
with here and must bo invent Igat-e ctno by enso# '' 
been found in practical sltuotiCEjo th'»’t thri ol'i*' ft;.; 
ted field can novortheless bo r-st Tr;'* a k:. wl 
undisturbed field. . 


1 

4 


4 , 


k ^ , 








’■ itf'i j ’ nor* 
: ; ot 

^ i ^ ^ p 

* ’■ * t. b.t 

■.twit 
r, It h-',n 

r ^ I * i # ? 

* * >A 'I 


(a) aaaaa s' 

The effect of high e.s* flclvl fii hU’^nn boint'c h ',n b‘M-n " r>; 
extensively stnaiod than CWi any '»th'f r anlf^nln ot b.hotr bfC'U'w . 
its grave and shocking offsets which hnn r<'oalt-,d in 1 .on •: lii;. 
Consider a farmer ploughiag his flld while sltt hir ' n a tr ict r 
and having an umberalla or canopy lor shade# iW luic ihr chnuc'- >1 
being chargt^ by tho moulting c.’mna frrt'" pfJnt* . nplk' u. ’7hf,* ha 
gets off tho vehicle and touchto a f:r?una*'d object, hw will dinchn- 
rge himself. Also, when a standing ■•'n gr-'un,. a ha**’an b ;y in 
pure resistanco of about 1500 ohms# If ?*, vohlclo In park. u.i.*.r 
a transmission line and has insulat*. u tyroo, 'Wn. a hu»»u* bcinff: 
touches the chassis, the charge acquiree by the vehicle will din- 
charge through tho body. If tho curfont is 9 mA, which In teitwn an 
the. let-go current, then he bxperlt'uct'S a shock that. .can cauao 
' damage to the body iacluding..tho brain by_ li«pniring maacalar acti.'n 
affecting the.JLungs. for women tho lot-go current 1® 6 «»A and f-.:T 
children 4 #5 mA* 

. - ‘ ..." 

It has bosn, found experimoatally that th® limit for thr- un- 

.distnrabed i'ield is 15 k?/w for i^»nn beings to oxptgpionco sh^ck* 

An e.h.v. or u.h.^i. line must b© ; dos.ifo^'d sudh' that this li«it in 
,, not exceeded# Some power utilities are T^ery ooaolous of thl® 



M!B19 


rcBporiBibilitj 'i.ncl have purpoeoly iacroaocd the minimum cleeranco 
over and bey'.nid what is, npt cid ii.-u rroni air~f;'^p insulation clearance 
rcjquiremcnt • Ad an cxaf"pla, tho. Bonnov ills Power Ad^ in in t rat ion., in 
the USA have selected the m^ximuTn c*f3- field ^jr-'fLiont to bn 
at 1200 kV and ini.nrdcr ti do so have usnu a ’•■'iniwuni clooranco at 
mia vopan of 23*2 whereas they could hove chosen 17 *210 baaed on 
cloo.ronco required for switchinf>;‘-sur,"0 insul-'tion as prescribed 
by the Nati'enol Blnctrical Sai’oty Council* 

( 1 ) Mnsnl&i 

« 

Bxperiwonfcs carried out in ca/?-os umior G.h*v. lin 'S have shown 
that pigeons and hens are afi'octc'd by high n.n. fields of 30 kV/'«. 
Ihcy arc unablo to pick grain with thoir beaks properly result iiig 
in largo spillage which af foots thoir growth. Pigs and cattl;’ 
oxperionco shocks when thoir bodies acquire chai’go and they then 
drink water fr^’^ ground'd troughs resulting in a discharge. How- 
ever, this takes place in fields iti excess of 30 kY/r'. fhornforo, 
hUT«an beings li^it the o.s. field of a transr'ission lino and n'^t 
an ±r« als • 

c) 

Plants such as wheat, rice, sugarcane otc* suffer the follow- 
ing typos of damage. At a field strength of 20 kY/w {WB) , the 
sharp edges of the st?J.k give corona discharges so that dn.wage 
occurs to the upper portion of the grain-bearing parts* However, 
tho ontiro plant does not suiter damage. At 30 kY/m the by-produ- 
cts of corona become intonse enough to cause harm. Ihese are 
emission of and ozone. Further, the resistive heeting due to 

increonod current prevents full growth of the plant and the grain. 
Below 20 kY/m tho plant is unaffoct n. anti this may be considered 
as the limit. Onco again, this is above what is safe from human 
point of- viow. 

d} iSSilliiLidifiifili.* 

Yehioles parked nador a line or driving through acquire 
elootrostatic ohargo if -thoir tyroB aro made of insulating 
material. A parked vehicle might acquire ohargo because' of .its 
capacitance, tho large^'the vehicle tho higher being -tlho charge* 





WciQti a hUTfan boiiif; c.uit'i.ct:'; - v.'’’, i 
disc1aar/5;o currcnb wh3ch nirht .uit 
booa found fro»« nxv .rir^ u*-.n *■'; 

existing designs ol 400 kV -to 4 a.iti 
been reported so far xr''’^ n' rliod v*' : 
over, if parkitig lots ore l^c' fc • ‘'i*. 
safe clearances o.re 17 for 340 i' 
Loiries will roqair> au oxtra 3 cl- nj 


ol- t - ' 

(7 . * , *. t 

*; / 1 ■ ' 

c 1 • .-7 . It, 1. ■"! 

w; J ' ® 

, ’ •* t # * 

r '.I'v . .. ■ 

* i i t 1 ‘ ■ }; Vv 

:k;l ’1 -I.';.*';*;. 

* ' \ « ‘1*“*** 

! 1 ' '1 !.*• , t. . 

■ . 

1 1,* ;! • 

: :■ •. >.7 i 


. Ui’ • 


buri"ci cabl-r., 'un. pir.o 'ir- 1* 


, t; vi <: 


e) 

EcncoS| uux'4.-’ii £*1 

equipment that h'^vo boon invest ig '.t;- • ’r raonlbi- /■.. 
go when they arc located in lilah r-.s. Ti l-.s. ?■'(, t.-d* i 

parallel to r. lino rust, be gr'aa-j . pr J -‘r'T/l,; >rj rj i 
1 inee. longer thaii 3*2 and l.ara.r than 17 c- i;i - 1 ..- 
recommondud to bo buri'-d at la'isb 31 m i toraliy I'r •“ 
phase to avoid dangoroue oddy curronto th' t c > il ^ C'-i-i- 
Sailboats’,. .rain gutters in haas *;3 'uid inoul-^t. wnlin 
near transmission linns arc nlS’"' nub jocto^ of , .t? i*’! 

The danger of ozone omanation from the traasmi-^si a-1 in 
at-.high elGctric fields. .can als •• bo inclu.’.oU in th- ran 
damage to tissues of humari beings livitif: n ar 


* V* 


* r 

• * r i : 0 - 

»** < r . 

i * # *; r*^ 

! rr iji i • 
h ■-)!! ;i 

•ivitr* 

V. ;; '.act-ra 

•' ry -5’ 


AUBIBIE 1 I 0 I 3 B 

Ea.sim!>Ja,iT!.„g,£, <?jiBgr?,t.iaa.,nail.Jiirj?.aliv-rlatna :ji. ■to'iltil.aJi.. faiB.; 

IH? t3:*anSmission line’s gonorato auuiblo n'-lac when c.’r.n*’. ia 
present on tho conductors, which is aop-'-clfilly high during, foul 
weather. Iho noise is broadband oxtvUdlog upto 15 WHi*. fr)*" vrry 
low frequency. Corona disohargea nrocluco positive and n^gativo 
ions in the vicinity of tho conductors which arc altematrly att- 
racted and repelled by the periodic rovorsal in polarity, ol the a.c. 
excitation. Ihis motion gives rise to soand-^HMSur^ wnvos nt fre- 
quencies of double tho power frequency and its multipleo in addi- 
tion to the broadband speotmm, as sh>wa lu FSg. 3 . Therefor© th© 
noise has a, pure tone., superimposed on the broadband nolae* IMo td 
differences in ionic ;motions in th© case of a«c» and d.o* ©xoita— 
;tlonB,^ d.o. lines exhibit only a broadband no is®, and furthermore. 
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tho noise gori-'T.'rtoa £ro’^ n, d-c. lino under foul weather in nearly 
the so,Tne as in. fair wcath-'r. Binco audible neisc fro’^ a|:rann’^i~ 
ssion linn is-.e'<an--r"edo ^ it is "a'n,3ureu iri tho oa’"'e "•'aariC'r as ather 
typ'.'s of. m an -made noisi.'S such ao narcral t.,no iso, lo^nition rii;tino, 
transferner hum^ etc. will diocuoo tho meters used anil ’"oth.'ds 

of AH measurements in <a subsequent chapter* 

Audible nmiso can bo a serious problem from 'psycho.acoustics ’ 
point of view, Icadinf; t':- inoo,nity due to loss of sleep to inhabi- 



Bl-f* 3(a) Pip:. 3(b) 

uants living close to an o.h.v. lino. This paooblem came into fo- 
cus in tho 1960*0 with the enr-rgizat imn of, 500 kV lines. Regula- 
tory bodi's havo not yot fixed limits to.. AN .from power lines since 
such regulations do not exist for other m.an-madc sources of no iso. 
fho limits for AN will bo tliocunncd in the nr.xt section. 

I* » 



Since no legislation exists for. the limit of AN from man-mad© 
sources, power comnani^-s and environmentalists have fixed limits 
from public-relat ions pohit of.vi^w. In doiiig so like other kinds 
of interf orence , human beixiga must be subjected to^dListening testa. 
Such objective tests are performed by every civlc-m inded power 
company. The first such series., of tests performr^d frow a 500..k? 
line of the Bonneville Power Administration hi the USA has come to 
bo called Perry Criterion for AN limits. Tho limits taken are. as 
follows: 

No complairits : Loss than 52*5 dB (A) 

Pew complaints ; 52-5 ciB(A) to 59 <3B(A) 

Many oorpplaints ^ : Cx^eater than 59 dB(A) 

Design of line conf igurat ion at e.h.v. Is now being governed 
more and, more by tho ne^^d to limit the AN level to above values. 

At the edge of the right-of-way for the lino, where tho closest 



hociso TYiay "be to OKif^fci c * . /* • . * . , , 

less th^iii 52.5 cLB(A) 'ina will b.? cLo 'ur tn ’>C 'i''(A ! u 

for tho BPA 1150-1200 kV lino* riu' •* " 1 o- 

rod later :on* ■ Ib.o audibl< t.'.** " a- r ■ K' i ^ • ' ' • ■ ■ ' ■■■ 

function 'of 

■■ a) the surface vol ."'r'loi c* . t:'’ vO‘.- f: j 

■b) the n,UT’''b(‘r ol aub-ceuaufj^;'.) ri i.t M ■ . :1' ; 

c) conductor din’^>.f:er; 

d) lateral disfcauco iro- t .o I jo< tn t. r-.i u'.*< 1'* 

to. .be Gvaluab^“d| and 

e) atT^osphoric couditioas* 

Onco a^.ain, as in "’ont; .<.h.v. work, th- t 'a a 1’1 

statistical in n-aturo b* cause atn'erh* ric condUloa-i •' r .T.-i-i 
for opor.ation at those extra hi.'^h vol *■. v'''‘n * 

■While the Porry Critorioa in b*irr‘U on .act.i*‘l 1 t '^trs 

and guidolin'-'S aro for^f-d for li’^itiin^ v:U.u a of A.. J r'- •. 1 u.n '-.t 
tho location of inhabittJd pl'*cco, othor n'vtrc u a; i.oi-' 

do not follow such A sccoau crltoriou which ov -i i-,*-- a t/.c 

nuisance is oallod the *i)ay-Alig''t ’Squ iv'ileut * * Ihln ic h- a u t 
only on tho variation of AN with at'^oepharlc cunhlt; h'i.n 'ia.' 

with tho hours of the day and j.lght ciurlap: a 24-ir»'»r p' r) *;. Th' 
reasoning behind this critorieu is that a nol'ir* If-v' l t^v-.r, ca,, ho 
tolerated during waking hours )f the day, whoa a^bio.jt u^ln?!! -'ra 
high, 'cihnot ba tolerated dur;hig oi^-Qpiiig haura of the a,U'ht wh'»u 
little or no ambient noieos aro proacat. This will be e‘l- b ,r”t' . 
dpoa -later oa» ■ Accord ;‘ag to the i^a.'-IHght or it' rJa., a 
noise level of 55 dB(A) can b*-' taken as tho last, ',4 of 

dB(A) according to tho Perry Criterl-jn. 



Audible no is©.. is caused by changes in pressure of air or other 
transmission medium so that it iir described by Sound Pressure Luvel 
(SPIi)* Alex^der Gral^r* Bell estfabllshed tbs basic undt for the 
SKi as 20x10 lewton/m^ or 20. m^oro pascals* (2x10**^ wloro bar)* 
All decibal' values are refered to., this* la telophoae work, w© hnv® 
a flow of .current in' a set, ^ of headphones or rsoeivor* Here tho 
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Basic units arc 1 TnWacroos 600 ohws which yields a volta!n:e oi 775 
Tin?, and current of 1.29 i'or any other SPL, the decibel value 

is 

SPL(dB) = 10 lo,3[(SPL)/t20x lo"^ pascals) ] 

Tlxlo in nlso toi^od the •Acoustic Power Level’, denoted by P'^, or 
siinply AX'! Iftvol, AB: 


Consider h sources whoso drcibel levels are , AN2» ••••, 
Adu* "id order to ada thr.'so to detorwino the rf'sultant sound 
prosnurc le^vcl r\nd decibe-l vraue, tho procedure is as follovra: 


We first calculate tho iridividunl sound preosuro levels from 
tho if>;ivcn decib'*'! vnlU'''S thus, 


SPL 


AfJ /10 Alfo/^O 

2X10 2^ ^ 2x10 ^ 10 


^ Ail) ^ / 1 0 

3PL^ r: 2x10^.10 , •••, 3?% 


-5 AiNf./IO 
2x10 ^.10 


Tho total SPL==SPL^+SPL2+***+SEL^+...+ SPLj^^ 

-5 .J i/"* 

= 2x10 ^ 10 ^ 

i=1 

The decibel value of the co’^binat jo’n of sources is 


AI^ 


1 


0 Log^Q(SPL/2xlO”^) 

A i / /4 


10 Lo^t: 


/ 1 Q 

^10 S = 10 L^^io 2: 10^*'' 


i=.1 


i=1 


£a£nala&-fjiXJSal„fiul afeiii£i.^Udaibl^^^ Ic>.,isp a nd use in Les i 

Audible no iso fro"! a line varies with atmospheric conditions 
so that there is no one quantity or AN level that can bo considered 
as the level. Dosifcnr:<rs base their results on two quant it ios which 
are designated the level and level. These are d.3fin«';d as 
follows : 

i»qQ Lovelt This is tho AW level as measured on tho A-*weightod net- 
work which is exceoded 50% of tho during periods of rain us- 

ually extending over one year. 

Level; Similar to but oxceoded only 5% of the time. 



k.> .1 


The latter usually in coj:iC'’r;i', wi'/a 
generated in artificial r'’iin t<^!f;n ee i 


{*'■ 


correlating with the Ic.-vel h* ' 

AM PGO,sureTT'>#nts wore co^'"H ach inirl.v i* 
an outcoT"'^ of. not only th',. li'’'lt' • a'rh 
available from actu'd. or- r'’t in ^ I ie "» • 
results and ohort~lino outuoar t >:»" rJ'’" .. 
under ’1 if" its for IM in earULor , -re’, r-.. 


n-’ 


r}' -h. '• 


’ » 


*; ■' i i-r 

j. f. 


own limits sinco no logiolativ-'i C' at.' l 


?# ^ '** *1 

! 1^* . ! i ;f . 



' 1 / * I \ n 


While many empirical .xlot (Ho. hT-;*: r'-;/ ’ ro 

paper October 1982), wc will dincu”” th- -i ■ . . r .*1/ r i-- li > 

here given by the Bonnoivcllo P''’-;- r /.U- in i-s tr-.t i -i* . ■*.<*.;' : r U-n 

are given .later for bhr ueo of a r. Ti; • ‘'F.w ! r'.I-i i-< 

applicable for tho following c'^nhi i" nn ; 


a) All lino ^oometriea with Uatfilcn h-’vlay apt* n *; a- 

ductoro of ciiamotors Ixi.th**' r'uigo 2 e*'* t ,> c*“. 

b) The AH calculated in tho level in rata* 

c) The formula is .apnllcabi for trann»"l''a 1 .a 11., •*. ; r *• . h'kV 
to 1500 k?, 3-phasG A-C* 

The formula for .Ali Itvol of each pha.aD at the m^aonriiig f'int, 
shown in Figure 8,- is, { isl j 


and 


AM^ a 120 I^og^Q ®a»i’^55 iog^g d -11.4 -115*^, 

4Lf { A> 

AM^ « 120 log^Q ^^1+55 d -11.4 Log^Ql>^+26 .4 

I "2«*- rl. £ /' A ' 



Fig. 4* 
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Ilorc, 3 = avor'V«:o TnaximuTn fmrin,co ■voltr.«:o ^radicat' on 'buadlo 

■bolonf^iiiiO: to ph''.oo i ia kV/cw, 
d =r: dloTTif' b'-T o'i' cub-c 'iciucfaor, cff, 
ri =r: au’^'’br*r oi.’ oub-c a'^afib^''rr in bun-cilf; 
p,nd JJ| = aori.'il U j.,ot-’.ncc Crnpi phf'nf i t') tho locatina of tbo 
Tr>lcrophf”ino , mntro.o. 

viflion 'ill uim.-nbioao -xro ia wotr^ uni bn, bho ‘ibov.* bT'^co’^o 

= 120 lor:^Q + 55 Lof^^Qd^^-1 1 .4 Lo/>:^ ^1^+234 *6 , n<3 

/d'i^ - 120 hof:^Q + 55 Lo,t^Qd^~1 1 .4 Iofi:^Ql^+26 *4 

+ 22U6, n$3 

iso. Icivo.l, ; 

In the previoUD discasBions the M level of a tronoiniss ion 

line has been chosen ao the level or the value in ctecible of 

the audible noise that is exceeded for 50>. of the auration of 
jpr.opip,itation* (Phis hus been tdoitly aosuiapd as the nuisiuioo value » 
HbweVc3f, a more recent criterion v/hich is uctivolj boin^i discussed 
and applied to -Other man*-«nedu Ai; souroes is called tho 

hav-di^!;ht Bquivalent doise Level. (Phis has been applied to air- 
ermft noise, heavy road traffic noise, ntc. which l"ads to llti- 
pjation a"'ong I'any af:r:rioved parties and the creators of the noise. 
Accordiaa; to this criterion, a certain sound level might bo accep- 
table during the day-ti»o hours whe-a ombient noises will be high. 
But during. thO' night tho same noise level from a pow*jr line or 
oth'r man-mndo noise souT'C‘"'a could bn found ob j«"ct iopablo bneause 
of the absence, of ambiont noises. Iho oq,uivaloat annoyance during 
nights is estimated by imposing a 10 (i3(A) ponolty. 

Consider an L^q level of a eo'g.'r li.nn to be Ai'i and th'- day- 
time to loct lor 1) hours. Thn acturd ’aanoyance ’ Invol in terms of 
the day-night equivalent is so cit'i'-d as 

^dn * 

ETam-nl© 

Tho IjQ le«l of a lloo Is 55 dB( A) . Tho dasr-Oisht hours sro 

15 and night-time is 9 hours in auration. Caloulato the* day-night 
equivalent* 





I 


10 

10 liOf^^Qf 10^(47.4''^+;;'M*''‘') /. 

55 + 6.4 aa(A) 


I . 


‘da 


The dt^cibel n.du';r la tliin Ci^f .+'• ' 

STL by 4*365 ti’^ea f 10 Lo.-:^q 4 .''6‘v ’ -m .■', j . 
line hns'bep'n irjicro'’j=3r!Ci by 6.4 d?-{A) b'-' 
for night hours to the LI v-duci for fca*' 
day-night hours are ciliioreat: i’ro'^ 16 niiU 4, -v 
adder would bf' necosnary. 

We also note tih'-t the 10 dB( A) wa'd tv a ’. ', 
contributes 6 ti^os (274*5^/47.43). 


;; h:% * 

d la ' i; .■ 

,,'“t i*''i I' V’ I . 
.11: ' ' T’ 




t'.Vj 


I 


^ 1 f I 

A. V 


! ^ 
* ' 

c: : ' 


Jty 


f. 


t ♦' 


In evaluating tho nuisance vnlur oi LI I'rv^ ' * r 

dines, we arc only concerned ebout th- ti'^v cur it in:, 'i ^ r-l'.:'-!! 
and nbt'the total 'clny-night hours, ir r^* in in n'*t fr . .»v r 

the entire 24 hours but ahly for s c -rtnia pt;rc' ut's.!' i*; i\<' d i/ 
and night above a '^inimuff* rate ol xainCall th<,' dn/-hd*'/.t .''Plvd.at 
will, bo calculated difforontly i'ro<^ what in givoiu L t it V- 
^ssuwed that the percontagoa of duration oi raiuf-'j: th ! 

day and night are and x>^* 

L^r:10 ) 10^^/^^ + (24HD>*j^ 


■101-24'" 100 

S,mAs. 

The following data apply for a ISnoj 


dB( ki 


li ^0 level *s 55 dB(A) * D«15, P{^~20, Pj^«50. Cnlcul'tc tiv- ..’’y-uiPfht 
equivalent of M and IB adder. 


^dn * ^^^10^24 ^5x0*2x10^ *^+9x.5x10®*^] 

• 9*48 + 142.3 

«58,.dB(A) 

The decibel adder is 3 dB(A). 

Again we oat© that the nlghtHjiwc contribution in a^t^^rly 15 
the day-'ti ?»’0 contributioa ( 142 . 3 / 9 . 48 ). 
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In' tho above oquiatioii, ib was asaun* 'Cl tbo levels I'or 

both dny and ni/^ht vrcrc oiu?!. 11 this 3s not th'' cas<'’, then the 
proper viluc-s rnuet. bo used wh3cli n •■cosa ita-tos very careful oxpcri~ 
tnents to bo performed on louf^-toim'' monsaro'T’'’ntr-3 rol'>,tinp: rr.be of 
rainfall to the AN level. Such oxpori™onta aro unually performed 
with short traas^-'ioaion 13.n-''s over a /i:round or In 'cfi/^OG'. 

, M 4 , g : 

It Tni.'':ht be Inlormative bo end this chapt'^r with data of the 
performance of some 13, ne d.esj,mns in the world besr-d. on M 13mii;s. 

1. Th© BPA has-. fixed 50 di3(A) l'3mit for the L^q noiso level 
at 30 m from the line centre in rain for their 1150 kV 
lino operating at 1200 kV. This was basmd on experience, 
gained, from the 500 kV liu'-p upon which Perry establishod 
tho limit criterion. 

2. Tho ABP, OHY Project of tho -EPRI, and othor designs fall' 
vor,y clone to the above values. 

3. Operating 750 kV lines, of the AEP gave 55*4 dB(A) at 760kY. 
At their Apple Grove shorb-lina outdoor project, the' value 
obtained at 775k¥ was 56.5 dB(A), proving that short-lino 
data can bo rnli<''d upon to provide adequate desiga values. 


4* The Hydro-Uuebec Oomprny of Canada gave the following cal- 
culated AN l'''Vi-.l3 at 30*5 mntrus from the line centre. * 


.ypltagQ 

7-4-5- k¥ 

7.35. k.V_..._ 

: ^5^5 _k¥ . 

,,.X.35.^.,k3L 

525„M 

Conductor 

^ 4x1 #1654' 

J {0.i)296 m) 

4x1 .2" 

2x1 .6024 ' 

4x1 .3824 » 

3x1 .3024' 

S iz© 

(Q£I395 m) 

( .0407 m) 

(.0351 m) 

( .0331 m) 

laaiaa r 

18." 

18» 

18« 

18” 

18” 

QmsiJm i 
Phase 1 

( #4572 m) 
41 ’ 

45’ - 

34.' 

50' 

34'. 

Spacing! 

(,12.5w) 

( 13*72m) 

(10. ■37m) 

(■15.25 m) 

(10.37m) 


60 58.5 57 



55 


52 
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In this lecturo the natar.' <i; vrubJ cnn. a ; .' ■ ■■ . vawfmtn 
and overvoltages will be doacrib'-d* 4 


a) Qvercurrents aro gmornt'.-d by short circ-r.n m 
aue to lightning. 

b) Overvolta^oa aro the rositlt of nwlte'ilng n o*> tt i'-Mu , 
and resonance conditions* 


fiy;i *;«*"• and 
I lghtiitr»g, 


These aro disturbances to a nynto'** thr>t ’“aat b*- oit'r.'-r 
Or suitably protected against. 


The following tonics will b.; dfscriu''d 


1. Short Oircuit Current and th*’ Circuit hri nk^r. 

2 * Recovoiy Voltfig© 

Interruption of Low Indict Ivo and Cnnicitiv': Curr^-ntn. 
Ovorvoltages on Bnorgizing 3HV Lin-'o (Cloninr !iud licclooing) 
Ferro-rosonanco conditions. 


ahfixi 


Bp"akC'r 


Consider a ai’^ple syate"' with 2 go<p'<r:it hig C, and 0,, 

1 2 

coanect‘='d through 2 Unc-s and fo dli.:g a load, Figure t(a). rrnns**’ 
formers are also included. Let n ahort-cl’^cult occur at the lo id 
bus, necessitating the breaker S to onr... to iaoXntf the raalted 
bus. The questions ai'e what are the streosos ou th<> breuker 7? 

The single-line diagr9”i, ncgl- ctlng all r<'S Istancon » la shown 

j M. ww* m\i iL * 

inTlgure 1(b). Usually, the introduction of r.'s istancce will, 
change current values by not wore thaii 3 percent. The n.c. co-^po- 
nents of short circuit currents fed by tho two gwn'*r''‘t ixig rircufi ure 


H 




Xg^+X(j^+0.5 3^ 


and i. 


:z. 


■** ^2 


For simplicity la developing the main ideas, w© take 

i* * “ i _ /TX Ife'f >. 

I ^ 

n t 

-r 


‘et 


T^. _jC\ jnae% MTirn-j ^ 

'■ I t. rv. ^--1. 


I 





1 (V) 


L 


14“ V. -4 
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Ii .1 TTiodorn hlgh-spood c-ircuit brr''■^korG (2 cycle) "ccntp.cts 
separate in about 30 to 40 m'lllisoconciR (T'''a) after initiating' the 
s-c, whic'h is gcvernccl by the ope ratine tin-'O of fho protective., 
system. This tijim is slightly longer th-in the subtTa'hs iont timo 
constant T” of small and Tnedium-sizo genrimtors and is nearly 
equal to that of large turbo -alt f Tnators . Thorof ore , in general, 


the react anco us^-d is the trons ii'ht reactance X’ 


d* 


For calculating 


the first peak of s-c current, tho reac banco to be used is aporoxi- 
matoly ^ In torma of the ratrd pow'r of the genera't-sr, the 

^ u ? * 9 

generator reactance used is X_ = X',. V /F„, wh-re ¥"/?„ xs the 

g U g g 

For turbogenerators 


baso impr-danco and io the per uuit value 
of 500 TT7A rating, X»'^ r= 0.2 p.u..and X'^ = 0.3 P*d. ’For 1000M7A 
sets, those will be- close to 0.3 nnd 0*45 p.u. respectively. For 
sffallor sets, they may bo approximately 0.15 'ind 0.2 p.u. respoc- 


t ively . 

For transformers, 1^’ ss V^/P^, where is the p.u. valuo^ 
is tho transfo3:m^or rating. Usually, P.^ - P^ for unit-connected 
sets and for entire stations. Typically, = 0*10 to 0.15 p.u. 


For lines, tho ohmic values of posit ivo-soquenco quant it i»s 
aro given, below for ostimatlou purposes only. 


axaMg. lQXt2&§. 

Z2,Q M 

Mua. 

ISfLM 

^g.4^1, 

1 

2 

4 

L^, mH/Km . 

1 *54 

1 *03 

0.875 

Rp m-ohm/Km 

80 

50 

15 

0^, nF/Km 

9 

11 .75 

13*5 

2^, ohms 

380 

300 

265 


In practice, X'^ + « 0.5 which gives eattaatnd ourreot 

of twice the roted current through tho hlgh-voltsge winding of the 
transformer. 

For very high voltage breakors the now I.B.C* (International 
lloctro Technical Oommission) racommonds the specification of 
current rating and not the short-circuit power rating* This gives 
more information to tho'dosignor of the breaker and th*" system 
©ngiaeors. 





VThoa thft d-c ca"’pni:i.;at S‘3 iaclu . t!'.*- l t 

will be 


j_ . C iSE.. . y ... . . . [ C0 8( Wt-0-0) *C + *' ! 

^BT+r) 


whore tan & = X/R aacl 1” = X/2%* 


The variation oi a-c curr. a^, vit:. i'ill 
Figure 2. The raco'^’^eauo a t i-*' C'-at-t-at 

exa’i^pl.'i, cons'icier a 400kV nyat''”* wit^. ' r'*a< r-’-t i 
Tho normal curr^^nt ie. 2-*8 KA auu th rj-c cJrra..t 
6kAj The t«Axi»”uw int ^rrupt ia/" curn'i.t 't 

1/2 cyclG''j^'Lon' its value is 

Il= Iri-a (1+0"’°/''^) •= l-f> V? 

For, the above cas0,-lj^ * t*8 V? X 6 » KA* 


i 

nh'-'wn hi 

r • 

* A‘1 'Mi 

,i J A 

i'i: !'7a* 

will h- 

ah ' ,it 

t h^, b r , 

•-K* r »>-'ourg 


It way bo of introst to uot'" th'*t alr*bln#tt cirmlt hr* 't.5t<'ra 
are avialable for 80 KA. and SFg bronkf'.ro for 90 KA« tsh wo 

that a a.ystew engtaear wust- k^op a-c lovols d-,>wn t w1r‘t ci rt^ .'.tiy 
available circuit br^^akors can hanf'lo. Jn 400 kV n«?tw'»rlf't thin 
waxiwuw. is 40 lA. 


j., It la evident.. that the d-c oo'*'ponont ^ust rteev t'n«t in '-rUer 
that interruption wS^ht teko plnco at the. first curront 
Since contact separation occurs 30 to 40 -o (1^ ta 2 CAfcl©)nf t<^r 
fault' initiation, tho d-c co'*'tx3ncnt decay wnh'4S ti-e o 'fixt-uit 
Is-adequato to bring it down t-^ about « 40 p^ rc<'nt vf »"nxi- 

wuw value and a current zom can occur* 


aiaglQ Fhaso Short. Oirp u;it § 

80 percent of all. faults In a systow are single phnse • ibw- 
ev.sr, tho s-o current wagnitutio, recovery voltage and th^* wtressos 
on the breaker are lower, than for 3—phas® faults* Ivon th'’Ugh 
3 -pha 0 o faults occur In 10 percent of tho oases , th*"^ circuit br!’n- 
ker^ has to b© d©»,:^i^ed for this",type of fault* 

' ®h^, ratio of ourroats for those two typ'^s of fault is 
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where X-j arc tho zero-sequence and ros ib ivo-acqu-’iico reactances 
of th? upto the fault, mion the neutral ja s-ljlly /jroun- 

dod, X^/Z^ CO 2, so thn.t the s ia/jlo-nhaao fault f^ivcss 75 percent of 
the s-c current undor a 3-phaao fault. 

When faults occur vot/ cloac to lar{<o power at "-t ions, (p:rca- 
tcr thaxi 1000 WA) it in very difficult for s— c currents to pass 
throua:h zero quickly b- cause; the lim'; r<"'a,ctanco is not prooont. 

Ihdn is a sevoro conditi'''u on the b I'ook'-r on the h.'v. si do of tho 
gonerabor-trn.naforrr'or . llovro'vor, thr- arc rosiatanco usually oontri- 
but<'‘s on an arcing fault to aid interruption. 

for generator bruakors, tho p-c current ie higher than on the 
h.’v. Bide of transf orr'ors usually by ori'.v order of w-Yrnitudo. In 
order to interrupt, say, 100 KA, air-blast breakers with a higher 
arc voltage are proforrocl to SFg br-vakors in order to bring about 
a current zero. i‘ir'*'aker>with Tnultiplo intorruptors are ;'lao un 'd 
t*^ further incroaas the arc resistance. 

2. sB gQ ,mi„.yoi^ i :Ags, 

In addition to interrupting the s-c current, the bro^'ker has 
to withstand the recovery voltage acroos its separated cantacts. 
This voltage can have a single frequency or can contain multiple 
frequencies, dependhig on tho connected network. For single-fre- 
quency circuit, it can be written as 

?£ = ^2 ?.k. (cos wt - cos w^t) , 

where w^ » 25(> fo s 2*K natural frequency, 

and k = constant that depends on the type of fault and the 

connected network Chirac to-r is t ics • 

% 

Previously, an a'^plitude factor giving the ratio of peak 
value of and tba.. power-frequency volt^o peak was used, but the 
recent I.B.O. rccomwondat ion covers only the peak value of the 
total recovery voltage including the h-€ component or components. 

Ih® rate of rise of recovery voltage determines the ability 
of the quenching medium to interrupt the arc, since the rat© of 
rise of dielectric strength must oxoeod this HRRV. This has given 





to groat controversy in IncUr^a oyU:..-.s niare 5.?-;^:. 
dations are cons S.Uw’r ’'d too S‘"V r- to be r.o”) -et . ^ ■•. i .a ./Ovi § 

with .longer lines ond lov;>.'r notur-l 1 rc.ia -e U 

eystoi"* Ihn initi^d rite oj rl'’'.* o: tr ‘imIiu*. r c' ■ r, 
ilTRY) has oscillations on it cmU'!; u b ,• . xt- :in r* itr^uin'Tt j/,n 

of linos, tro.nsf orders, and g a-'r'toro, .oi^ fch '.t .. i. ’■ ' . . i . 

confusion as to hovr this is to b' a. ihoon- . , ii . .*o 

depend furth'' r on th** typo of fault (l-T)h'!o , ,’~r o , “y* • , 

with and without sarth) nnu thu nyo'-;** 'ToeUiv h.. ' ('od UA .* <, '-rtlwjd, 
Isolated, or earthed through l"'pn:;''.io:.n) . All ft; ■ 
on the powsr-f roquoncy and tronsi nt c<'''-roneut -'t t 

very -voltage* 


. '.ifact 


|t4 «« 


In so far as deter^inlxig the c’nract* rlnti^'n oi tb.n 
voltage, two types oi faults are considered ( tV.c t'^r' 
and ( ii) the short -line fault. 

teal Xl£l 


r'H'e ry 

J i ' i f 'I il t , 


Ihese involve the maxitnut" s-c currents, and as *”eiitSonod 
earlier, 3'“Phas0 teivinal faults yield hlpheot s*“C cd:T<intri and 
consequently the post severe recovery voltage. 


In a 3-phase fault, if th-' c ircu it-brf' aker contacts have a 
tipe-delay in opening, the first pole to clftar expcriouces the 
highest recovery voltage. By the the second pole olnare the 

current, the power-frequency recovery voltage has decayed in the 
first phase since the transient copponeat usually has a fast dooay* 
for an unearthed 3-phas0 fault the first pole to interrupt *»*ay 
experience a peak recovery voltage of between 150 to 200 porcant 
the phase voltage after interruption. On th#. other hand, for a 
3-phase fault involving earth, it is 1.5 {Xq/X|;/^.5+X^/X^) * 

^hart-Itlfle.Jgault (3LF1 

In this, type of fault, th-.re is a short scotlon of line(uflaa- 
lly 1 to 2 iSrjbetwcen the breaker and fault location# Epfleotion® 
arjriving on this line are superirposod on th© source voltage giving 
'i'ise to highest recovery voltages as shown la figur® 3# Hero, the 
sMree-side voltage ixas nearly the same characteristics as for n 
lerrtinal-^ault • In waay breakers the interrupting ©apahllity and 
and Paxipuw breaking current are determined by this type of fault. 
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It can bo shown th'i.t.thc hir:host rnto oX' .DRV in the case of ' 
the short “lino fault occurs when- the faultr.'d phase i.q the last to 
clear on a s jn/'^lo'-phano to earth fault whan all 3 polos are sot to 
open- IDowo clolays botwoon oaoafur" of ool’' s cannot be avoid-'-d-if 
circuit br- akcrs are poorly Tnaintain< d. 

The sbrosses ixi a circuit br.'ab''r can bo reduced by comic ct irif; 
res in tan cos or capncitsnceo in •parellol which reduce both 'the TRV 
and the peak v-duc ol transient Volta/^o under "vory hi/^h a-c curr- 
ents* Rvoistances are usually preferred for air blast breakors 
and capacitances for SFg breakers* 

I) gJ.inltlQiL,.,,pf RL-,;,cgy„ery„ Voltn^e (Trane lent CQr»^pon.e.n.t.). 

(a) Zrp,dr.arD,3,.t&.x..jlg.£.telt.3P.^ 

The transient rncovory voltage us'.'d to be defined through 2 
paraTceters: ( i) the ruagnitude, and ( ii) the rate .of rise. 

(T3) .4=p.axs^!rg.,t.sx 

With large interconnect ions in a syste’^, the 2-par;i!T«eter 
definition has been superseded by the 4-paraTr'eter definition, which 
is shown in Pigure 4* These are V.j , V^, t.j, ^2 (or V.j/t.|). The 

initial tii^e t., is usually equal to twice the travel time of the 

• * • *! ' !r.* « 

wave on the shortest connected line. 

The capacitance of the grounding-grid system also helps in 
soTPe measure to keep the initial rate of rise lower than when it 
is neglected* 

The I.B.C. recomm(»adat ions for ty'po tests on those two types 
of faults are given below: 


Terminal Fault 

~rwr 




IlgJ. 1 

’<^ek of V^R.Ui 

'"-""'I" jt’ 

• AV/dlj 

109f> Current 

1 .95 

or 

5kV/iiS 


2.25 



30% 

1 .95 

or 

5 


2*25 



6U% * 

1*95 

or 

2 ■ 


2*25 



100% 

1 .82 

or 

1 . 


2*1 


* ) 





5*5~12.6kV/^is 


5 

3 

2 -' 



*,4 


yirrit r c ik of ..y -til- iJlZii itvjuiii 



100^' 

1 .f>2 or 


Assyrnmetr ' 


Singlo -phase 


1 .09 



or 



'i . :,>t; ! 

Short-lino Fault 

60‘/ cU'Tont 

0 4 


905' current 

C . 1 


3- azsa¥ouA '? ,3iS..o,a a ostiW - oii ftsgiiguj..iii 


Overvoltages caused by opo rations r.jtot*' d thn 

iasulatioa level of liium Jind e'iulp'^'''Ut and ftnufift fl 'it<ho y>;ra • 

Some measures taken to "'inimiso these ov^rvolt v-'us inrl id»! 

(a) insertion of series rc.nintanco at th-- source wh«jn awltch 3 ;ig, 

(b) surge arresters, (c) dreiuinf'’ of t»"apred efnr;’; * oa I H». wUh 

inductive potential transfor*"' rn, ohunt co'^penotut iiw rofirtnro, or 
power transformers, ( d) closinr th * br-. ak r tjoIu m at the instant 
when tho source voltage Is pass inf.: tbro .jgh th*- poi -.rity m the 

trapped charge. 


Normally, tho highest ovcrvoltag^fi occur when aaioad'*a B.H.V. 
lines aro energized or re-cn^rglscd iro*** mi lalimto source. 

She switching ovorvoltago oounints oi hlgh-f ronu' ncy transient 
component superimposed on- the pow.T-f rr d'^«>nc:/ voltage. 

Consider a 3"*phfiae generating station shown *is tho voltage 
Tg in series with a roact ance Xg energizing a lino of length i, 
surge impedance 2 ss VL/C, wh.jr© L and C aro tho distributed Iji- 
ductance and capacitance prr unit length. For simpHoity, ground- 
return effects are noglocted* 


Ihe initial voltage on tho line is *©it> when the circuit- 

breaker 3,^ open .hllo the final tolt««.. duo to F.rrnotl Sftoet 

Will be ■ ' 

voltafe ^ t ®®® ®^l/Ccoa al** % al* al) 

OMQ-.aa' voltoffo . Tq . Tg/{oo» al -•-! ala A) 

^"1 ** m»ar fr«qa«ney ( . 6000 K» 

'm} > et * «r/x . 
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The ratio Z/Xg is dofin'ie aa the short-circuit pow'^r PgQ 
of the vsupply to the aystei^. 


As an oxa^plo, for a 2000 MVA 400. kV source with Xg = 1 p.u-*! 
cnoryizin/; a 300 Xff lino with Z=320 ohr^s, Xg = 400^/2000 = 80 ohn’s, 

tiD-d Z/X„ = 4» iaso, 2'/a/A 'Vl0=18°. The Porranti TSffoct reives 

o 

? = 1.14 P-^* eiid V = 1.09 p*u. The nurf^o-impodanco lo-«dinf^ is 

3IL 


400 /320 s 300 M7A, and the short-circuit power is P, 


4 X 500 MVA 

Xo = 1 p.u. 


sc 


2000 MVA| which is equal to tho source ratin/r since 


When a lino is initially enerf^ized, it has no ■ trapped charf'O, 
hut when it is roclosod after clearing a fault, tho healthy pha- 
ses retain a traorod charge. In practice, the overvoltago at the 
open caid when closing on a trn.ppcd chnrgo oxcoods 3*5 p*u., while 
it is botwGon 2 and 2*8 p-u. without trapo: d charge? However, 
during oinglo-polo rocloauro, trapped charge is not prosont sitice 
only tho faulted phase is onf'rgized* In o.h.v.* systoir's, trapped 
charge is very rarely prosont sinco shunt cowponsat ing reactors 
at both ends help to drain tho trapped charge. 

Further, dirf icultios 'iro onceuntered when tho throo polos do 
not close oi’^uitancously . This ti«c delay in about 5 even in 
break'-'rs th^b are properly ii^aititainod. V/hon tho first breaker 
pole is closed, capacitive c.jupling places a voltage on tho other 
two phases which corresponds to ab'Ut ZO'/'- nomal tpappod charge 
duo to mutual capacitance. The ether poles now close on this 
trapped charge* Although non-synchronous closure appears to yield 
higher overvoltages than with simuitanoous clpsuro, In certain 
cases, other factors chiefly ground-roturn currents might actually 
krop the overvoltage down* Under synchronous cloauro, earth-return 
efiocts aro not present, as has been verified from model studios 
by the author- 


Interconncction of the system with more than one goaornting 
station yields lower switobing-surg© magnitudesj however, one must 
bo prepared for the worst* 





Ovorvoltn^?oo h^vc bn.'tn ohi'wi* t’ o .'M’:;, 
cotppononb aad n h-i' c^’^mnont* ia ** - ' 
powor-f roquoncy C'^’^pouant:, nluat c *"'!■'• a 
o*b.»v» ayetor^B nt both • !ian '.'f 'i. 1 'i*'" I h.o . 
ficial fro"- switchia," or>.-T iti'ni”. -n h S’ 


I ' « ii- ■ 


|t* t # l-* 


r-i’r I'icncf 

■ r*. u'-oU in 
'.r. bvjiP- 
' r! 1 <T» 


Wh©n no cowponnat ion in unod, tiu* r-'-t io ot ; o 
to the entrance voltfb"0 an V^/'^o - l/coa ai • '• **. ■^*.1. inf 

reactoars provided at both eridn, and 4.1 '/* I f ct iiU! rno lo *, , th-;? two 
voltages are: 

Yq = (coa al + |~ sin al) Vjj 

B. 

Vq = ?g/[(l+ 2 X„/Xp) coa Pi + (Z/Xj^+ZXg/x/-/^/;n a in al ; 




The travelling -wave or tmaolent co»*ponof»t can b^ by 

the following scho*^0s; 




(a) When pre-insert ion rosiators nra unod, part 01 the total vol- 
tage appears across the rosiator which radacon tho voltago being 
fed to the line. The rosistnneo in nearly oqual to tho fiargo !'»— 
pedanca of line in most cnana and la nhort-o i rou lt<'a or n hunt* a by 
an auxiliary brt/aker after a pro-sot time of nearly 1/2 cycle* 
However, tho optima» tiP'o ns well as tho optimum valuo for thin 
pre-insertion resistor moot bo nncortulnt'd from -odol ntudl- a on n 
transient ifetwork Analyzer or by Digital Compator craculatlon. th© 
TnaxiwuTO value of switching surge ovorvoltfgo in thin ©oh* m(, occurs 
at the instant tho series roslstanco is taken out of circuit by 
the auxiliary breaker* 


The optimum value depends upon ( i) line lengths, ( il) tho 
series reactance bohiad the line, i.e*, the ahort-olrcult power 
of th€r source, (ill) th© degree of liiio oompensat ion, ( iv) tho 
insertion time of tho resistor, and (v) ths sttfg© Impocianco© of. 
the awitohod line as well as any coaaootod linei* 3tao© tho aa»b®r 
of ■ connect ed linos can ohang® during tho ewitohii]^ opi-»rat Son®, a 
valn^' higher than the optiwim viauo i® usually soloctod. 
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(b) The s ingle -ros is tor schnwr. can be TT'odil’ iod to two -stage or 
TTiult i-otage closing resistors* This mali-'S it possible to insert 
a highf'r resistance in the beginning a-nd' then lower this value in. 
s bops . 

(c) braining of trapped charge, by shunt coTi'>p'.'n.s''*t ing r<''actors, 
and inductive p.t.’s. Trannt‘ormcr-tnrminMb''Xi linos rci^ovo the 
trapped cho.rgi';, but there are serious probleir'S of rosonances 
caused by tho^ non-linoarity oi the ’^'^gn^'t i?;nt ion charactf'rist Ic 
wh a switching in. These hevo to bo investigated in any pa,rti- 
culer situation. 

( d) Roclosing circuit bre.-tk'^r on a line when trapped charge is 
present at the instant when tho polaribios of volt-^go on both 
sides of tho br oRer-coat-icts arc the sai^o. Such scherpos roduco 
tho ovcrvolbages down to 1.5 p.u. 

5 . Q m mMkw ms3U^3i WMJmQ t m 

Those occur when a normal ddoconn' ct ion of an equipment is 
made. Ovorv''lte'Ton occur by premature reduction of current to 
zero when low iucuctive currents aro interrupted. Ccrtalxi types 
af brt.ak<-rs use tho arc current to aid tho flow of arc-“extinctifDn 
m.'>diuni and thoroforo th'’ intorrupbion will nob take plocc at low 
currents. Bxamplf'S of low inductive curronts o.ro given below; 

Transformer on rn load : 2 to 5A 

Ro.actor-loed.'d transformer; 400 A 

High-~volt'='ge reactors ; 100 to 200A 

’ 1* * ^ 

The overvoltage Tnagnitucic is. usually an int^r'^ct ion botweon 
tho circuit br‘’‘akor and the .systom. 

Figure 5(a). .shows a sourco-lihe-iuductivo load such as ro~ 
actora, transformers, or motors. V/hon the switch is opened^ an 
arc is produced and when approaching current zero, it osclllatos 
because of , discharge ofj^0| aad''C 2 through the line with a frequency 
f^ a |■JIl{C^02/C^+C2)3"'2, which is-.oquliaXent to and Gg is 
series with L. The arc -quo aching medium may blow tho current out 
causing ‘current chopping’. 





The chopped current tnw * 

The stored energy iod ^'2 ' ‘*‘ 

natural frequency ± 2 --^ v/hinh I’l ■ 

for 0- transf '.■'rr'rr on n') l.ral ".r. 1CU0 l ’ ’ ■• n 

MaxiiPurt voltoge occurs when nil t "in '■ 

capacitance Cg* 


Y -= yj' c,. + 


2wax 


2 

'a ^2 


giving '^2max “ 


^ + i n 
a a C 


2 a 

r X 

2 ^ j 


1 


i ■. ta i'*r. 'Kifo Lj. 

: U 1 • t. a -It th.j ‘ 

; ; .''a t 4U0 Hz 
'■ i.y, r -<*t r* 


On the source sido builds up with froruoncy 
which is between 1000 and 5000 H?.* 


f i i.i the 


,.,J J » /f 

*• , V 


If i^ is relatively low, * ff ov,rvolV.rc. (.-cure 

If the current is. .chopped at the peak value, «■ 0, and 

wodorn graixi-orioutrrt la'-in'-tiona iii h.v. tfuir- 
formers because of low saturation, overvoi tfV^r la roiac'.d* 
no-load current is chopped, the following ave r-y^r overvn i 
factors may be oxpocted. 


llOkV ■ 220 kV 400kV 750kV 

f.U* 3 .2-5 ^ 1.H U2 

Reactor-loaded transfopmero yiola ol-ilar ovi-r-vol a . 
laolation of shunt reactors with 100 to 200 k and having n surge 
impedance of 35K to 65K give an ova rvol t v:e. factor bnlow 2»5« 

The chopping curretit in most casea is 20A, maxima^. Both surge 
arresters and aeri*'*a breaking reaiotors lower thane volt-igan 
cons iderably. 

6- umBUmoi Qg_ Q.APAC Him gJiLlBil T3 

Ifcen lines are dropped or capacitor baate arc awitch.'d off, 
overvoltages are generated. Oonsidep Figure 6 where the lino is . 
represented by a lumped capacitance Og. Before interruption, 
f 2 * After the current is interrupted by the brenkor, 
charged to f2/f3# the peak of the souro© voltage* However. 
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the source volto,i"G V,| ch''ui.‘;:'-.s ibvS v'l1.uo on fclic po v/er“Xroq.aoncy 
s iris X'jnyci and oocjlla.t ion duo to The bri'Ukt.'r voltaf;o 

io consequently, 

^ (1+k). Joually, k> 1 « 

Bor k=1 , the br' o,kcr volfcvro. in twice the peak v?ilao of source 

. If th"! iusulat inif: ■^■'odjui^ has not prun-'-d sufficient diel- 
ectric sfcronrith, the arc '^■'ay ro’striko and conm. ct the liixo b.ack to 
the source. The phonomonDn is just like ono-ry ii’.in," the lino witi's 
a trppr-d cliar^y*' equril but opposite to the aourco volt'’.,yo- A curre- 
nt will thoreforo flow in the line thrjufiih the broakv,'r‘ The cir- 
cuit is entorrupted asain at the peak value of volta/^e and tho lino 
holds a no^^ative volta/':c . There ”’i/^ht be r- nowod rostrikos caUwSinf'; 
switch failures. 

It is therefore evident tVxat restrike-free breakers are. .ess- 
ential. Kodern SBg and air-blnst breakers peat this requirc’^ent . 
Lines having; shunt reactors c.ause lower Irequoncles of oscillation 
and they way aid in proper interrupt ion. But here also restrike- 
free interruption is necessary. 

Capacitor banks also cause tho sa^e stresses on the circuit 
breaker. 

7. £BaiQ..ra5 s . si i,MgB QimsikmM 

Partial resonance conditions occur in power systrwa when 
unbalances occur so as to place canccitances in scries with induc- 
tances. Examples of this type are shoxni in Pipturo 7(a) whore a 
3-phar»e txansforwor in iod'by a lonf; cable fro" a substation. 

Under normal operating conditions, the cable capacitance to ground 
is energized by the phase volt.qyo raid thr* insulation will withstand 
this voltage. However, sup-nose one line is open such as occurs 
when a fuse blows or-.when cirouib-broakor poles do not act synchro- 
nously but one pole wak^s wuch later thaxi the; other two* The equi- 
valent circuit is shown in Piguro 7(b) frow which it way he noticed 
that tho cable capacitance is in series v/ith tho transformer iiiduc- 
tanco in the open phase. If th'; cable la long and its capacitance 



high, the r' ? 3 oaancc frequency -■•jy apm'O'-ch povf'r froq lency which 
gives rise to full r^'scnanco. The coaUitjoii v/h- n 1 -In .e are 

open is shown in f’igurc 7(c) . 

On account of the high vdt.tgon, cibher the C'ti- w* the 
trrunfori^or or "both rioy auffe-r to their inou L-it i-'u * In 

gonnral, tho wagnotiaat 3on curve .-i: the trnnnf.' r w'lStn ..n t-v 
non-lin ar portion so thf’.t a '’at h';" at i cal anoly •; in yjr.-a.'sut!^ 
dilf ioultioB. But cither a -r ri'-rt apnroxlent '-ei t' the P-a cur^e 
or a stop-by-step graphic.al 'nialyaia in pooniblo 

Experimonts have shown th’t rr">UiiUi' d-v/yc rri*^''ry vrhidljjg 
per^itvS longer lengths of coble th-ui an/ ai th- -'th r penrUhi' 
conaoctions such as dclto, or ungr.Mincieu -T, b(‘C'*.uee th thr- n 
phases arc csncutinlly isolated Xr'’^ each -’th r. fu^t’v r*'<'rn, 
working the transformer on the p.-vrt a? its cn»'V‘- 

is le.ss dangorouo than whoa th-'* ilu^ donnit/ in -a the a n-l in -t 
portion at the- working volta"0» Eomi-ai, n such* ar. av; itch i.ng * 
traasfoin.'r with, a 5 rcrcont ronistive Jrad have aj;i in r.n ruggen- 
tcd. 
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mmm . 

This chapter will cover the foliowitig topics : 

1 . Galculatioti of conductor reristance with skin effoct 
o 

2. Lino I R losvses and ten‘'por''ture rise of conductors 

3. Properties of bundled conductors 

4. Induct .anco calculation with ground 

5. Capacitance calculation with ground 

6. Reaolution into sequence quantities 

7. Modes of pro pug at ion on 3“'PhasG lines 
8» Ground-return rcsiotancc 

9* GrouncLnreturn inductance 

10* Maxiffum surf aoe-vol tago gradient on conductors and corona-incep- 

ii 

tion gradient. 

Section 1: Res io t an c.o of . ..CQ.n.auc..t,p.r3 and S..kia. E££,o.o,t.. 

Conductors used for c.h.v.. lin^'a are usually ACSR hut with 
high tensdlo str'acth alumixiium avajlablo, ACAR is becoming increa- 
singly com'^’on. The speco occupi- d by stool in ACSR in taken by 
aluminium in ACAR- V/hon stool is ue-'d, duo to the high permeability 
and inductance;,, no current will flovr in it. In ACAR, cur'^ont flows 
in tho entire metal and moro current can be used. 

If Hg = no . of strands of Al, dg=-dia of each strand., and 
|^g^=3pnc if ic rosistanco of Al, the reeietance por kolometre will be 

R = . 1 .05x10^ X f X -^2 X n = fqAd^^) , oh". 

CL^ S 

s 

The factor 1 .05 accounts for the twist or lay which incroeso the 
length of the strand by 5?(>. 

Tables I, II, III provide some relevant data. 

B.xample 1; A Drake conductor 1.108” dia has AL sectional area of 
795,000 circular mils. Stranding is 26 AL/7Fe. Its resiataace is 
given as 0.0215 ohm/1000 * at 20°G under DC, and 0.1284 ohm/mHe at 
50°C at 50/60H2!. 

1) Take =s 2.7 x 10~^ ohm-m at 20®0 and tompe rat are -resis- 
tance coefficient s= 4*46x10"*^/’0y check the values of resistance 
given. 
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2) Find increase in r»- 3 i‘’.tr*nc’ due to skin cikect. 

Solution ; Wo assume that nbcel Htrrmdn dn not cur-'y current, 
aihon, for 1000 foot of conductor, r.trant, len-'tk in 1*05x1000/3.28 
metres* 

!Eo con-vort circular mils to nquo,re metna: 

1 incli = 1000 miia, 10^ circular main - f nq.* in. 

0*79x10^ cir-mil =-. 0.795x| x 

= 402.83x10"^^^^ 


1) E 


dc 


2.7x10'^x'^ 


3-28 


X 


iq: 


402.83 


0.021 ohm. 


2) At 50°C, P^50= 

I!5Q=5.28x1.123x0.02l5 A .1273 oh” at iiO 

% increase due to skin efiect = xIOOsO-Ylv 


This is less "than 1%. We have asDum<^d that ntTnadn carry 
current equally. 

Resistance of conductor manifontn itnelf In a.h.v. 1 In'^e in 
the following forms: 

(1) Power-lossj (2) Reduced cur •eut-ca'^rying cnnacity of conductor 
in high ambient -temper at urn regions. This is particularly aevuro 
in North India in summer when the torpor;. turo rnnehon in tho 

plains . 

3) Conductor resistance governs tho attenuation of travolling waves 
due to lighting and switching, as well as radlo-f r'^'qucncy waves 
generated hy corona, Bfor lighting, the rcalatan'cc is comr-utra at 
lOO-KHs, for switching from 200-2000 Hz, and for radio int^rferrmeo 
from 0.5 KHz to 10 MHz. 

a.^-Jffegl-.in Round Conductors 

!]?he increase iix resistance in strauictod conductors dui* to skin 
effect is analytically difficult Ijo dotarwiao* It. is easier to do 
this at the maaufactu»f>*B ^ant hy a simple experiment. For round 
conductors, analytical formulas are available using Bessel Fanctio ie* 
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The ratio /S-cLc tabulated or {jivea.in graphical fori^ 

by the N.B.S., Washington.- The controlling pnra^-’eter ia x= njar = 

0 •0636'ff J^, with R^=d.c. resistance of conductor in ohn’/T''’ile . The 
expression for the resistance ratio is as follovra: 


(x) 


X 


.B 


22.4^ 


2^. 4^-6^. 8 


B, i{ X) 




JL 


Ji 


10 


„2 /2 o2 ,2 r2 o2 

2 -4 .6 2^-4 -o". 8 .10 


B,^.(k) = [Be:,CK)]; = jI [B^iCx)] 


Ihea, ~ = (j ) 




When using 3 . 1, units, x ~ 1.59x10*"^ ^ ^ ^ * ohTn/w. 

Byaffpl^ i A round copper conductor 0.9*' dia (7/0, 12.7 dia) has 
= 1.7x10“^ ohT^-tn at 20®G. Calculato function of 

frequency froi^ 100 Hz to 10'^Hz on a logarith’^ic base. 

: Ho ■■■" ■5*7x10“^ -LiiQ^lXL — ^,216 ohw/m51o 

° I X 12.7‘^xlO^ 


VRo = 0.465 , 0.0636/YHq 0-0137 


X=0.0l37Vf 

Snc/^dc 


100 300 600 
0.137 0.237 0.335 


1000 3000 6000 lo"^ 

0.4325 0.749 1 .06 f*37 ' • 


^ *1 «i|«. *1 '*1 

. 37x40^.4x10'^ .3x10“'^ .8x10*^ 1-0017 


1 .0069 1 .0182 


3x10^ 

6x10^ 

10^ 

2.37 

3.35 

4.326 

1 .148 

1 .35 

1 .8 


(The increase in resistance is not as mch as whet is felt to be 
the case by engineers working with el<='ctrioal tnachine slots 0 

Sg,£jf,Aoiii 2 s, Xf,a.s.B.;,,msi a te s. 

The combination of- solar irradiation and I'^R heating in sumi^er 
raises the conductor temperature beyond the maximum of 65°0 allowed 
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“by Indian Standards. At an ambient oi’ 48®C, even noinr irradiatjori 
alone, can raise the tsT^'perature to 65°C so th'*.t no lond-curreafc 
can he rushed in the conductor. In a >'^oosc couducbor oi'.3.t>'5 cr 
dia (used for 400 k? line) if 7h°0 are allowed os by j'"- 

provSn/y Indian alum in iuvi , a current of 600 Amneren cnti be trfins- 
Tinitb'^d at 48°0 ambient* Thin is al’"or,t bhe full, load current 
used in UPSBB 400-kV line. At 20°G ambient, for nan V'/’c 

maximum, the cur ran t~carry in": canocity in incr^nned t<5 OOO A rtnd 
1 100A respectively. 

Avera?te values of conductor resistances uncd for dii'i er^ut 
volta^>:e levels end loss per Km for traafr'ltt, Inr: dir!’er«'nt 
amounts of power at 1 .0 .power factor aro fr,ivQa below. 


aicsiigm kY. ^ ■ mi 

m. 

mia 

UM 


O 

• 

O 

0.0136 

0 .0036 

0-0027 

Transmitted 

I^K locn/Rm 



1000 KW 

195 

24*2 

3*6 

2.04 

2000 

780 

97 

14.4 

B.16 

5000 

4875 

605 

90 

51 

10000 

19500 

2420 

360 

204 

20000. , 

78000 

9680 

1440 

816 

It can 

be observed that 

th’‘*'"0 in n v^nf*. 

rcu Act ion 

in loss /Km 


as system volt^/^e is iacroosra for tmunm j t f: in// the same amounts 
of power. These nxe based on the followiiir; equations: 

Current I = P/(lf3V), Loss=3I^H;=?^R/V'^ 

When P is in Mif, V in kT, R in ohm/Km, the Iona in Kw/Km la 
(P'^R/?^) to?. ■ 

If line length is 1, then total Iocs ss P^RL 10^/V^ Kw 

= P^BL/?^ Mw. 

Ifficiency of transmission 100P/(P+P^RL/V^) 

« 1 00/(1 +PRI /?2) ^ 

te^.l?erature Rli^e 

When current flows in a conductor and its tempeyaturo has 
reached the steady state, the heat balance equation Is 
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2 

(Internal hfrit cl-'-'V eloped by I [i+lxtcrnnl boat duo to solar irra- 
diation) rzjleat lost by (con'veotion to enviroriTnontal air + radifi- 
tion) . Let \hf V/ , W , and ¥ denote those four quantities per 

J- C Km 

metre . 

2 2 ' 

1) I R h'-atiny : R^, wafc <:o/motro. of conductor where R^= 

resistance p'‘r motro at mr.xjrr'um tempf'rature • 

2) V/gj ... Sy_. Ig, per metro 

where d^,- diamote’-* of conductor, metre, 

s„ = solo.r absorption coelf icient, 

■ ,2 

and Xg =. suler irradiation intensity, ¥/m . 

The m.'iximuTn solar ir'^adiation intensity is in the neighbourhood 
of 1-1*5 K.V//’^^ July at LoX.hi at noon time* 

The solar absorption co'^i 1 io ion t s,^ - 1 for well-weatharrod old 
conductor and 0 .(^ for a.'-.vi aMiduotor* 

3 ) Conv' ction lon g, ¥., 

w • 

¥^ - 5-73 ifp v,p/d^.£i.t, wafcts/m*^ of conductor. 1 mctro-lenp:th 
of coiiductor hes an arr a of (u 

.** Per length, th'; cmvection loss is 

« 1 r- i .. 

Wq =: 18-/ p. v^* d^. At, wabbs/m. 

Here, p =s atmospheric pressure in atmosphar'-s 
= velocity of air in '^/s 

and At = tcmpfiy''-- fcure rise of coaduebor above the ambient tempera- 
ture iu 

4) aadJat, tQA : 

This Is given by Stef an-Boltzm-inn equation 
w^ = 5-702x10”^ 0 (t'^-Tj^^), watfcs/m2, 
where o s= relative emissivity of conductor surface 

=s 1 for black body, 0*5 for oxidiaed A1 or Cu* 

T =■ conductor temperature in *^K, 
and T * ambient temperature i^i ®K. 

a 

The radiation loss per motro length of conductor is *- 
ss n d^ Wy ss 17 -9 X 10~® e(T^-Tg^‘^) d^, watts/m* 
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Itio lioat b.il a iico nguat now. 

I^R^+d,^.s^^, I 3 - UJ.^fc. V*P*v^.(i^)-t- 17.^)x10 


4i 


(i^( 


'lil xa^pl i' 2 : A 

ductor O.O 3 I 8 
diatnon.^ p =: 1 , 

( 500A/cr’aductor) 
oIiw-tt' rit 20° C. 


400~kV lia'*' !iid:i" u- n ?' 2-burial*' ’Ttion"’ cou- 
dia each. Take 1’,, •■; 40'’C and m.r.l -ct nal-ir irra- 
- 1 w/q, o a; 0.'), ;i.'"‘d curr.ufc ^ 1000 A/nh'ajo 

. Area of each 0 '.mac tor ; 2.7x10’^^ 

CaLcul-’to t\v' final te'“p>.' r-tar . 'f c aidactar. 


SoXat ion 
^ - 


Asnawo final tt t' t|.- 


p 7yin“’® li:.Q.iQ.04‘?jJif -J l+O.Ciwia f, 

Z,[xlQ U0.0045X20 515*7x10“-6 ^ •' ’I" 


I^R„ =• 12 (1+0.0045t^) per T^etre of each d'vjduct^’ r 'it T \>vi)k 
Wq =18 ffxO'.o’STB {t^.“40) = 3.21 ( tf“40) 

\ = 17.9x0.5x0.0318 ('TjVlOO)'^ “ 3*n'b 

= 2.845x10“'* L(273+tf)'^/10® - 95.95} 

Ihc equation for turns out to be 

1 2(1+0.0045 t^) = 3.21 t^ - 120.4 + 2.845 ( P^n+ti*) "'’xl a“'‘*~27 .3 
or (273+%)^ = (589.5-11 .28 %)10® 

A trial and error solution f^iven t^.i;44‘ , 1 I "E^is 1 4 .38, '4 m 12.84, 

= 1.44 for t£-=44 ] 

Hote t At 40 °C, taking soI't irradi ■'.b ion confcrlbutS ui t ’ adu 
10 watts /Tf, t^ = 45.5 C. 

¥ith s jilar irradiation of 1*16 Kw/^'’, th- o.TibrlbutiMU in 37 watts/ 
w. t^, = 54.1°0. &.t=l4°. 

[Tc convert Kw/m^ to cal/9q.c"'./d'’y ; 10'' C'd/eq .c""/d*iyf4 .86 KW.', "*'l* 

SfiifJLiail 5 : Sdi:!iL.gr2,,Pi'.x t , i !.:,, S ?.fl JLun.di. . •..l. , C •' n quo te ro 

Buadlnd conductors are oxcluoivdy un*d for o.h.v. lln'>n, 

(only one line in the world, that u’ B.P.A. in U.S.A has uni-d 
expandsd AOSK conductor of 2*5 Inch ctia for the 525 k¥ lino). Urte 
now^lS sub-conductors have boon used. F%urcj 1 shows so«^o at th" 
details that will bo used. 



d 


Sajoglo 


>- 




.1 


Twin 


' ^ 

3 "* 001 * 11 ! 


/• 

i] — ^.5o f’*' 


V ' 
'V t 

i * 

» 

\ 


.f.'’ 

K. 


^ • ; 


> 






KDB--47 


?i) 


\ 


k> 

\ 






k 


\ 

? 


P 


/ 


B *"*0 Otld m 


Bu 11(11.0 Spnc lii.r'* -ui' ! B ua<.B w llg'i'. -iun 

i'rorTi''?illy , the h oub-oondacfioi'a oi’ u buncO-e are dlatributea 
uniformly on a circle of radius R with spacjaa B betvjeeu adjacent 
sub-conductors. ,Ja will crill B =- bundle OTe-icja-y ano R := bundle 
r.adiu3. The relation is B/2 ~ R sin ( 7t/i\l) , 'tivinf: R =.: 3/2 sinC'K/,;) 
for d 2 to 1H vie therefore have th'‘ loliovnne: rol.atlons. 


h2 3 4 6 8 12 18 

B/R 2 {3 )f2 1 ..7654 ‘5^44 .3472 

r/B .5 .378 .7071 1 1*308 1 .874 2.884 

For n'ont Important cnl-culrtinns, th'' bund.l<; of iM sub-conductorr 

0 

can bn replncnd by a shirlo conductor bavin,": the oq.aivalont rndiiw 
= (iM.r.R'’*"''') --- r [h.CE/r)^"*^] r. R(;i It is tho 

iM'-th root of th..' product of th*' nub-conauctnr radius aucu tb.'*: din- 
tanci'S of thin oub-couductor iro’'^ "ll tb : other (r-I) co’^panions in 
th'- bundle. Tb' cin will be 

r . ( 2S s in j ) . ( 2R c in - ( 2R 0 in' - - - - ( 2R a i n 71 ) 

= r.( 2R)^''"*'* • (sin J* ) - (sin rr * 

1/2 

For = 2 : r^^ - (2 r^R) ^ ^ ^ 

= 3 : r g - (2^R^r sin #sin r./3 r w . ^ /a 

N = 4 ; = (2^R^ r Bin ^ $ sin a in 3^) = (4 r R*^) 

Tho general foi^ula is = (M r R ) # 

.. . ‘ 

Exa’^nlcs t For tho 400-k'V lin-'s in India, r ss O.O 3 I 8 ", 3=0*45’^, 

Ns=2« Calculsto 1 and 



Solution : R = B/2 rz 0.225 


Ki)B-4y 
1 /2 

( 2x0.03!^ x0...'.’5) 0.0^45'*'. 


Also, - /oToi59xC.4‘; O.C.‘-^4r' 


For 1200 kV lim:, M, cl 4*C c.*% R - 0 .f 


1 /N 


0.6 { S . 0.0 


x23/G.6'i -0.5 176* 


r^q = R (R r/R) 

B = .7654 R- =•■ 0-46 tn r- 46 d-’. 

Tlio oqui-vplont rndiun is asc-i'ul L'. r c".l cui*- fc1 n. ( n) i Jut? 
chargo, (b) induotancf , (c) c^'ipn.c5 taucc , nau ji.'wr'U i*;h r lixi < 

parameters • 

Note : lb,'- total ras is banc.; of --ai il -conductor bundle (1/d) 

tbc rt'B ist'uico of '•'ach sub-c'.oiuact»)r. 


Sect ion 5. : In ducfencc „ of mi. L,.iai::.a 



1) Inductance due ta internal flux : 

2) External flux linkage upto distance x: 


B / r -' tr , 

L :-• Ln( .</r) 
r. 2xlO“‘Lu( x/r) . 


Iwo-conductor Lino (Singli. Phao'.' or Bip'^lar dO) 


The currants aro I and -i. 
aonsoq.uently, any flux lino b<'y'nd 
tho conductors such as lino 0^ will 
link zero currant. Thoreforr all 
flux linos must pans btftwoun th ■ tw*' 



\ 

N 

\ 

-I « 

J 

t 

/ 


conductors. Tho flux^linka^o of 

conductor 1 has two parte :(i) du(' t ■> its own current, "ud ( ii) 
duo to current in conductor 2. 


Flux linkage duo to own curnnit 1 e»ill bn 
»F-r ,h-r 


% i = f 


d f 




11 


'3. 


2n 


i . 


i 

•w 


dx 


Ip 


2n 


hu 


D-.y 

r 


iaening's rule shows that in tho anace botweon tbo cu.i4uctore, tho 
fluxoB produced by I and —I are in tho sa^o direct i'n* Th *r*.l'"'rO| 
flux linkage of conductor 1 duo to curront in c^'iiductor 2 will b*’ 
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D-r 




1 2 


d'f 


1^, 


o ■ 


12 


2'Ji 


Ln 


r 


Tot-'^l flftx link-ino ot c-.u-juactor 1 ic 


•~T . '' ^" Ln 


*^1 =^11 + fl2 

liaductr’.acc ia L, r-: v.- 


I{i 


Ln ^ , L>>r 


P, I 

- / j. ir^ Lii 1~ , II/'^ of cr.niciuctor 1 * 

I ’ 1 ^ T ^ * 


Thn Tnifi-pin, no G-Q- botw. on c ua . uc'^-'to I/: o, flux line* Theref'-'r*?, 
the inauct;;i.ic^. of o.ny one of i;h^ no 't:.uct'''ro upt-' G-G vnll Lo ono 
Inlf of L^ * Jf L ” 2H, n.ud turnin'''' th'..’ fi,»:uro around by 90'', w; 
obtain the conf 3f:urnt l.ui of />, olaylo o'niuuctor above grouiid. 


hi -r.y, ^ 




Ln ^ ^ Ln ^ =r 2x1 Ln ^ » Henry /«’■ 

y, » 17 * C IV * , *27 

I 


CoTnbining this with inductanco dut, to intornnl flux linkoyc givon 


0.5x10 


■■7 + 2x10-'' II. % 


2x10-''’(^ + In 2|) , -1/ 


m 


Por the very large values of H encountered in e.h.v. lines, internal 
flux linkage can be oriitted. 

Exa^^plo : Por a 345'~kV line, tVi,e single ACSR conductor has 1 .762 ■■ 
iiich dia* Por purixtses of calculation, use r 0-0586 ft (0-0179 ''*) • 
Calculate inductance p^'-r iT'otre. li.-ngth and % orror in neglecting 
internal flux link-igo. H = IP’”' (40 feet). 

ar^lution L = 0.05 pll/^ 

I 0.2 Ln (24/0-0179) = 0.2 Ln 1541 = 1.44 
% orror - 0.05 x 100/1*44 = 3*5% 


lagKQl?- *„§^g.g.sf fA gi, ! ::,aia, : 

Considering f ^ ^ r.- ^ I Ln ( 2H/r) , the tcr» Ito{ 2H/r) is 

cal^i.'d Maxwell’s coofficient. Sois’utiircs it "^cQf also’ be written, 
as ^,Ln (2H/r), but in this liccturc it will bo Ln(2H/r) which 
will also occur in capacitance calculation. [lote-i- lor 'all oalcu' 
1 at ions the avoraga height to bo used is H ss ti^ini’^uw height + 
Sag/3] * 
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Whon sovf'raL coaductors or pol-o) ir'' pr !5.‘a?; ■■bfivo 

ground , o-ach carrying its own ourrc-nt, wc c'-n r''p.! 'if* rrpiad 
plnnc by conductors co.rrv3nf^ currcnbn ifi ..fa-or-itw djr<ct’'n^ 

^V, 'i. 7- 

jjU* *5 


but oi‘ tho sa"ie value . 

Consider flux linko/^;!'- oi 
conductor 1.-t- Self flux ljiik','''C 
is Ln (^). 


h,. 




t 




0 


I) ao. to current in conductor : 

Current in codductor 2 produces flax in nil opneor 
fcbe flux flowing beyond a ^2 fiuk c'niduct''r 1* Si'^ilarly, 

due to current - I^, in the i'^ng^ of conductor P. only th-^ flux 


flowing boyond 1^2 will link c'.nductor 1 


f 


12 ^ 


^2*^0 ' 
2h 


j 

Ai2 


OA 


1 

X * 2ii 


i i- 


dx 


12 


dj* , ij2 

r H t . A I p 


Iho mtual Haxwell^s coefficient in then Ln(T^2/A^2^' gon'T.'d, 
between conductors i and j, the corlt'iciont will bo P^js 

Iai( lij/Ai^) , ij^j. 

For a systc'" ;}f n conductorn 

C V In = 2% f-^^nn ^^^n ”” ^ ^3n 

where [y]^ = ^Yvf2^ “ fn^ f. ^In * 

The elomonts of Maxwell’s Pot.'ubiol Gooff icient Kntrix aro 
^ii ~ (,2!Hi/rjjq) , and P^^ rs Iu( ^ij/’^ij^ * 

For a bundled conductor, neglect Ing intornnl flux linkngoB, 
the radius to he used is the geoirutric ^oan radius or the otiui- 
V ale nt rad ius _= R{ N . r /R) ^ • 

Ezal2IiLa.*'i The dime ns ions of 400**kY 3 *'Phft 80 horizontal lint arc; : •• 
H s= 15 w, s - ,3t w hotwoon phases,. -conductor 2..x 3*18 o’**, B«0.4372« 
jC^culate (a)- inductance tnatrix pt^r K'f”, .O'jneidt' ring no 
transposition* {h) sa^c foffully^tmns posed lino (c) poo it iv 0 ”*B 04 iU" 
onco reactance por IP af 50 Hz. 
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Solu.tr”)ii' = y~r«B‘ = -= 0.085'5 '^'*11 )*•— ll — x- 

*»-»-*» ' K/H. " . 

P, ,=I’„P=?^^ J.n(3'0/0 •085)=5 -9 , ' oq oo c 

p,,=p,,=Ii*/(4H^+S^)/S^ r- 1.061.4 

p^^=Ln ^ir+so/s^j*= 0.53 


(a) [L]^^ = 0.2 


5.9 

1 .0664' 

0.53 IpH/r"*' 

“1 .18 

0.213 

0 . 1 06 

1 .0664 

3.9 

'i.oeeJ^"""^ 

0.213 

1 .18 

C.213 

0.53 

1 .0664 

5.9 

0.106 

0.213 

1 .18 

Kmm 


- 0 -* 

— 




(B) L^_ r= ^ (0.213 + 0.213 + 0 . 106 ) = 0.17Y 


[I-]. 


1 .18 


0.177 
1 .18 


0.177 
0.177 
1 .18 


TO 


H/KP’ 


(c) I-, 




1 .18 - 0.177 = 1 


At 50 liz, r: 0.314 oh^/K^. 


liotc 4hat-solf iiiauctanco of . .h.v-* liiica if? in tho neighbourhood 
oi' 1 ’I'l/Kw, In /Toncrjil, as tho nawb'.-r of sub-c .uiductors is 
:ucro; nod, self inductacico and pooifciv-. -soquonco iiiductanco roduco 
" o th*' the sorii;s rcactauco will roduco aloo. Ihc.^ powor-hancllin/j 
c'lpaca :y v’111 tbd'r'*'Coro incrcae.c. 


Xl UlHJS.t B aM , d„ .a ggl Ula . gX,QX,..Hl1i.k,.JajLl i 

Bt.sistancC' incrr^asno with skin of root (f r'-qatuicy) but tho 
induct incc clue to iutcrhnl flux linko/ic dc.croasos. This ’^ny not 
bo serious for o.h.v. linos whore tho interned, flux linka/;v> in 
nr.gli-'ctwd . This tciductive reactance at any fr''quc'ncy is 

^ • ( X) 3 3 + [B„ 1 - ( *) ] 2 ^ 

where x= 0.0636 R =d.c. resistance, oh^/wilo. 





In gonor?^, tho roaisstniioo '‘tni iiiuuci'uicf nn -iTt '.h 

depict 5 ?cl. in Figure. r. inductance nnfjur^iiig unil'- curmtit 


distribut i>n 

_ ^ 

" 8u 

1 .C^" 



i 


hL|" 


/ ' • 

- 

(2j !■'- 


/ 

/ 

1 *0 

Ra. 

* 

/ 

_ 


i-r 

) 

ho 


wr ' 0'oh%J^o 
T™ — FT 




\ l-Jl 

\ 


a 


\ 


'mT 




\ 

\ 

Ji am 

3 


[Ploaso 800 ■ WOstinghouso I p;iiu D Roff ronco Ch. 

actual ■values] . 


2, f-r 


§ : g a Ba g^ ,. fe a fl ,ss. 

Let p.d. "between conductors 


27. 


G 

i, 

4 * I 

place a unit positive tost chorgo at P. ^ s 

K , 


phen the ol<?ctric field at P is 


E. 




27ce 


o 


2H~x 


) 


G K 

m*ipk * 

I 

X j 


Hr 

1 V. ^ 

1 

r •<1-H 


(O Z f 


1 , 


where q. = charge 00 c‘'.> Eductors mr unit length* 

2H"“r 

ConsoCjUontly, 27 =5 + o kzz) 


o 


/ wiw 

* 2H-X 


ito 


Ln 


q 

■TO. 


Ln( 2H/r) 


By syiT'ntotry, the T»'id-plano G~G will bo -it 7. The p#d. b. 
positive conauctor and ground plane GG (by rotating the fliguro 
by 90°) will bo 7„=:7. 

Dist of oonci. surface fre’* negotivo 
charge. , , . _ . . , , . 

Diet of cond* surface tro^ p-'ioltivo 


Y 


g 


Once 


JflgSfc 


-3- la 

2TO^ r 

La ^ 

T 


2to, 


Ln 


chargo . 


Maxwell ‘s potential coefficient P 


ir 
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Muta;,a Bo t ? at A-?1 0Q.ci'i Icloyits . 

Tote lit i'il at l'.»cati'’a of c'''riiiact'‘'r 1 
duo t''' th. chargc.'R + ■" '3-2 

„ T „ fiLp l£ T,n 

Dist. froT'^ -tq^ “ 


o ^ 


< 1 - 


V 


12 "■ 2 lie 


'IZ 


0 


nz 


H 


<0‘= lr , 


.*. P ^2 - La(I^ 2 /A^ 2 ) 


o 


H 


■% 


\ 


fc* 

1*V r a syeto’^ of a c ■auuct.’rs, the pot;','utiolf 3 •'•i th" cniduct'^rs 
If ill hi 
c 

1 T ... ^' OTT /— N . T ^ f T / * N 1 1 li X f T 

In^'^ln' 


~ ?/’o + 2 Tie^ 2 /'^ 1 2 ^ '*' 

t '' 


i i C, 


I 


V, 


n " 2 " oT 2 itc^ ^ 2 u/-^ 2 n^ '*' 2^ 


2' m , 


n' cq- 


la Tnatrix for^, [V]^ = [P]^^ [q./2%] 


a 


[V]^ = [V,,V 2 . - - V. [- 1 ] = r'l,,.a 2 , - - . <lj and 

clo'^oata •:f potouti.'il c':-'>i’f icicut i^atrix ar' •'fl bofere 
P^. = Ln( 2 n./r^^^), ^ 

The caa'icitaucc ’Matrix is [C] a ' 

'./o derived ho innucterico »o.tri,c to bo 

[L]^^ ”'"2^ iat'rri'-il flux liak-^/^OG arc igaorod, wo 

observe th'^t fTilfClau e [Uls^ '^[U] wh'-'re [U] a unit i^atrix and g = 
velocity of light. Calculations based :n this ri^latien arc c-^llcd 
'Li ^ht -velocity theory calculat i^'cs ' • .The chart's q^ to refer 
t'1.1 tho total charge of tho entire bundles and not of each sub- 
c'^nductor of tho bundle. 


S xa'".t>lQ ,i for the untransposod 400~kV lino. Maxwell's Potential 


coefficient J^atrix was 
[ 5*9 1 *066 0.53 
. 5 *9 1 »066 

5.9 


[r] 


at" 


.CH]=[P]-’ = 


- 0.576 

*- 0.03 

- 0*01 


•* 0.03 

0.180 
•*0 *03 


- 0*01 

-0.03 

0.176 
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Tho capacitnaco r^atrix ia 


[C]=tojM] 


[j-Mote: 2ico^ = 10~^/18] 

For a coi^plotely tr-msDost-'U Ijao, 


9*77 

1 .65 ■ 

0 *58 

-1 .69 

10 . U 2 

- 1 .65 

— 0 *98 

-1 .65 

9 .77 


iu‘'/K«,i 


Cg = i (9.77+10.02+9*77) = 9-85 JijbyK’", ( 1 .^^.'j+1 •6‘^+0 . 9 H) ' 

Pos it ive-soquGiace capicitauco Qj, = Og-C^ ~ 11*14 nF/^*'"*. W*"- ir tt? 

tlia.t poBitivc-soquoaco cap"'oitauc-a 'i' c.h.'V. liiatn in .ui th<’ 
noi^hbourh-^s of 10-11 nF/K’«. rfith L_^ 1^fi/K% fch • v I ,1' 

propi|i.c:''^'tion using pos it ivo-scqucacc quantitloti in also I laht 
velocity. Also, 1) self-capacit^ucos nro :dl TKJnjtiva whU' ’^utual 
capacitances are all negative. This is becnii'ie « cb.rtr/''p) of one 
polarity placed on one conductor induces a charge ol orf'onihe 
polarity on another conductor. 

2) the centre ph: se has hi?Thf*r capac 3 taiiro to 
ground than the outer ohoses, even though the potcf.iti^l coeffi- 
cients are equal. 


This .applies only to tronsno'!''d The ’^utufiliy inter- 

acting inductances and capacitances cait be resolved into indepen- 
dent s.equence quantitios. However, the real '^ofuilar ol s0'.iU'’!ico 
inductances and capacitances is the flux linkage and charge which 
sequence cur’^ents and voltages experience.* . 


: Here [I]^ « [1,1,1] 


<0 * 

^in . 


”1 •“ 

[y„]= 



’1 

1 

lljj, Lg 


'1 


The aea^-sequen<30,-iaducstaace' is L„ » 

! * O 


Iq, and^[ V]^se[ 1 , 1 , 1 ] 
1 
1 


1 


I>g+2L^ * 


CLq+2L^) 



iPositj^e sequeaoe ; sin wt, ^2 “ lyv, si^i (¥t--120), 

“ 1^ sin (wt + 120) 


^s 


ir.. 

I'n. ■ 


'“sin wt 


1 

S 



s in( wt-1 20) 

I«=(L -Lm) 
m ’'"s "m' 

Lt), 

I. ' 

3 


s ?a( wt+1 20) 

iMhaw 

1^ 

= 

s 

— 

L jYi 



m 


s in wt 
s in( wt-1 20) 
Sxn{wt+12,0) 


lteAaii5L§_-at.9JilJ:i£e : 1*2 “ 

Ca- pRcj ':ance : The sequence •volfan/^cs are 

[Vq]=[ 1 ,U1]V, [V^]= [stn wt, S3n (wi-~120), s in( wt+1 20) ] V. 


i,s ing the relation [q] 



rT'r‘^[/]--=[c][vi 


Cg 0 ^ 

Cg 0^ 

Cm Og 


CV] 


vr: obtain, = Cgm2Cp,, Ojv ^ , Or,,, Cp=Cg-C„,. 

Ihe following properties ’^iny .Hi noted: 

1 0 2ho Eorc'-soquence-inaunt'-acc is higher than the self-inductance 
Lg 5 While 1^ and ■ '^’ban Lg» 

2. The converse is true lor c.-Picitanco . Since 0,^, is a negative 
qua. '.tit:.', C„ < 0.. •f'hr.c "r. .nd C- a,rG > C„ • 

3, In ter^s of ''the sequonco quantities, the self -and ’^utual quau- 
t it los are : 


I.g = ^ (I,,,+ 2 Lp , L„ = - 1 ,) , 

''a = 3 ('=0 20p , 0„ = ^ {0„ - C,) 


These -'ire used in construct iiig 
transient conditions* 



'^octels for t;rans’^ission lines, ^or 






Sectioia 8 ; Line Para^^e torg for ^odos of 

When switching or other 'transient operatiioao are being 
studied on trans^'iss ion 1 ines, it is a dltf icult ’’’rttfe'-r to iuvos- 
tigate. wave propagation on conductors which arc char'Kit f^lnod by 
(a) velocity of* propagation, (h) at fcenuct ion, find (c) our'^n 
impedance, when Mutual internet ion botwoon the '^’ui t i*“Coud 4C to rn is 
present. The wave^ Tnust he de-couplrd on trnnonoMCd an ^a/!l -m 
untransposed lines. This concept v;as i'irnt apr)13**d, tollowinr the 
idea of sy’^’^etrical co’^ponents oi Portcsawis- hy O.’J. kdn'^i\ for 
radio-interference studies. Por the f uliy-transponod lino, auidy- 
tical expressions in closed for'" for the tr.'msfor’^at ion ^'strinf'f! 
can bS' wdrleedTpuiP.--* But^m tmt!pnspooe£ fiojo pan only bo hmimed 

nir^‘*cripfic"Tt nhoFs* ■"’TW ‘Bti'o wik 

U^ Q 

The diagonal iz at ion procedure will bo il.lu8tr'''tod through 
the inductance ^Patrix of a transponou line, 


[L] 


s 

Lji, 




jn> 


iijp 

W 

1-0 

3 


1 . 


Evaluate the 'characteristic roots’ or ei^i'envalu- o fro*" 


the deter'^inatal equation 


This gives 


X -L 


s 

•Ljp 

’Ltn 




> ~L, 


B 

’Ltt> 


A [u] 

-Iffi 

>.-1 




0 




Step 2 ; Per each of these eigenvalues in turn, we evoluote the 

eigenvector f x^]^ which will he colu*''n ■*atrlx^ according to th*- 
equation 


Cons ider 


- [y } tx^j 

' ■?| i ' “T 

T k/l • ' ", f •' '• 

rnTi ' KrI „ . 


[ 0 ] 


5 •' 


I ‘ 


.BJ 


V ' 

•>. .Hi 


2 

-1 


T 


X i 

4 


I 

Iw 


'^0 

P 

0 


This gives 'the three equatisna for Xg, X^ to be ax^-Xg-X^-O, 

— Xlj4-2X2“'^^t' •2 Xj3s« 0» By choosing X^al the eigenvector 
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If ■ 1 ^ 

[1] . Its normalized form is [ 1 ] 

cedure using the other eigenvalue X2~^s"'^rn» results 


By following a simii.^r pro- 


^ X 2 


[71 ; 


1 r 


> 1 ' 


'O”- 

^2 

=s 

111 ' 


^2 

= 

0 

^3- 


1 1 1 

Stair ; 

j 

L y ^ 


-0- 


giving 7^+72+73=0 


Once again taking 


•1 


7 ^* 1 , we obfcain. 72+73 = “ 7 '] * 

\ 7 c now have an infinite number of choices for the valuas of 72 
73. Ihese must suit engineering considerations. The most convo-~ 
nient value is to lot 72 = 0 - Then y^ = *-1 . The eigenvector is 
[ 6 ] and its normalized form = ^ , 

Since “/2» gives tho same pquati-on, TTc now choose 
25 ^=z^=:l ^iv'ing Z2=*~2. Ror this caso, the eigenvector is f ~^] and 
tho normaliz''d form = ^ [~^] • 

Step S : The complete eigenvector nector in normalized for^ is 
called the iiiverse of the brensf ormat ion mf^trix: 




')[2 

V3 

1 ’ 

, and [T]= 

i 

\'n V2 Y2 1 


0 

-2 

0 

1 

J2 

-^3 

1 

. 1 -2 1 j 


SLt^E.j4 • Ubte givon iaductanco matrix is now diagonalized by the 
mult iplica'-ion (as can b^ verifi-d) 

Lg+2L^ 0 0 

0 Lg-L„ 0 I = [A ] 

0 0 


[T]-’[I,][T] 


The mutually-coapled waves arc now de-coupled# The capaci- 
tance matrix or tho surge-imp:.'danc 0 -*matrix could have been used 
and yields the same transformation matrices* In this caao, the 
eigenvalues turn out to be equal to the zero, positive, and 
negative-sequwttce quantities* 


1 ) Oorresponding to the first eigenvalue , the eigenvector has the 
ales'ents [1,1,1] which cah bo interpreted as follows: In tho first 
mode, the voltages, ourrehts, charges, and the accompanying ener- 
gies are all equal and of the same polarity* In general, the return 
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current flows In the ground, and tho nttonuat 3on oi ffiOTi^y in 
high because of ga?ound ' rosistanco * It is usu-illy oillod tho 
*1 ino—to "'ground ’ ■^odo or ’hoi^opolfir ’ wodo* At radio i rt''4U<'nci>‘'S 
of iMllz, iittonuation is 6 dB/il». 

2) Ihe second eigenvector la which iiivolvc s oni/ tho 

outer phases* Tho Qontro—phaso is not involved in th; propagation* 
One outer is tho ’go ’.and tho other in tho ’r*turu’« Th raiorc, 
ground is not involved. Th^^ ^ callod tho ’1 ino-tc-l iat.* ’"odo of 
1st kind’ or-. the ’ phase -phas o ’ ■'"odc. At 1 Wz, attoauat l.jn ii^i 
about 1 dB/Ktt'.' • 

3) Tho third olgonvoctor is which cfui bo int^Tprut. d nc 

saying that th) current ’geos* in. the outers nuid 'r- turnn’ in the 
centre phase. Tho charge distribution is f+<l atid tsc on* 
Ground' is not involv>^d and attenuotion at 1 Wz for r-’dio-wavo 
p.ropagD.tion is about 0.17 dB/P’. Thin ic nallod~t}|iio '1 tne-to-llno 
nnode of Ithe 2nd klnd'or the ' intor-phaso * ’’’odo. 

Th© <xi.ncept of "odes of propagation is also very usofal for 
coupling i^odGs of carrier oqi'ip»^€u.t where attonuatlon of spooch 
and signals is of concern in dotojrining tran8’*’ittpr and recoivor 
powers . 


Zgl,asiltea,.,p J. ,,£3a? . BM,afc Ag ,^ 

¥q observed that [L][C]=i a fully -transposed line. 

Suppose we pro-i^ult iply by [2] and post “Multiply by [T]* Thou 

[T]"'[L][0][I]= [I]“’[0][T] = [T]“'[U][T] -4 



'V4n 0 

in*** 

0 

%*2cl 0 . 

0 

• « 

f 

m 

o 

0 


0 


L° 


o 

o 




This gives (1 +21*^) (C_t2n*^) * 1/g^ 
and (Og-C„) * 1/g^ 

Tills shows that velocities of propagation of wavse iii all three 
■modes aipo equal to each other 'and to light volooity# This is truo 
when ground return induotano® is aoglootod* Usually, in tho 
first or lln®-to -ground ^ode, -InK’stamoof ground-return reduces 
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* * ' * Pt 

the velocity of that. modal component to about 2 .5x1 0”’ m/s or 83'^ of 
light velocity. 

Untr ansposr-d line; Follov/irig the steps given before, using numeri- 
cal values, the eigenvalues and eigenvectors can bo v/orked out. 


Section 9 : Hesiatance and Inductance of G round Heturn 

Under balanced opuruting coadi.tions of a transmission system, 
ground-return currents do not flow. Some of the situations whoix 
ground -return is involved are * 

(^) Short-oircuits ' : Single line to ground and double line to ground 
faults • 

( b ) Swit ching Op :r at ion • 

(c) Propag''tion of waves conductors, (ELC) 

(d) Hadio intcrforence studies. 

Eho ground-return resistnneo increases with frequency of current 
because the current does not ponctrate deeply and area of conduction 
decreases. But the inductance dccrc” sos because the fliuc lines 
cannot find as large an area ao at low frequencies. 

In every case, the soil io inhomogeneous and stratified in 
several layers with varying coyductivitios * In this section, the 
famous fonnulac of C-<.?con will b. given which apply to a single- 
layer homogenous soil. 

The values of conductivities on the avvrogo r.ru s 

Moist soil Loose soil clay Bed rock 

10 mho/m lO*"* lo’* 10~* mho/m 

1 1 

Io convert to o.g.s. units, multiply those by 10 . The figure 

depicts the important parameters involved. X. and X. of conductors 

. q j 

i and ^ are referred to any ■ e 9 -i^ 

chosen origin located on ground-f • * jO J 

surface. Cg =» soil conductivity — j j — r*' ' 

in mho/m, f * frequency of current^ ^ 

« distance of conductor J 
from image of conductor i, metres^ Q 
G = 1*7811, Euler’s number, and ji^=4 


<S/ 

BJCO 1j 811 

fm ^Jt*‘***^d 



f 
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The most important parnmictsT i'or tlic o.^icul'it i on jo rj^j v 
T'j C For usual c.h.v. llni.o, < ^ * c .f' .a * units, 

r. . = 1 . .j (8 TT^f C„) with i. . in cm and C in c *6 *- • 

iji , s/; xj 


uni tn 


Haring found r... ^ the ground -r .t'i”n txu li tunco owl iniuot.inno 

ij 


aro : 


Eg = Sift J,,. 10**^ ohja/Km, Lg ■= 4.tr. .lo"^ henry /Km, wii^rv, -I.j. ..nd 


J^arc calculated as follows 


Tr** ** 

= (1~S^) -g + 0.5 S2.Iin(2/G ^2* 

Jj_ = 0.25+0.5(1-3^). ln(2/G.r^p-0.5ej^^.T^^ 8^,+^ . 

Ihuro arc sovoral quantities above which fire given by the i’olJ O'.v .ng 
infinite scries, for r^^j < 1* For most c ale ul at ions only 2 or 5 
loading torms will be sufficient, as shown by ncta/ i cnlcul- fciou for 
400 KV line • . 


od 


1 


®2 2 - (- 1 )^ ^ 

K =0 (2K+1)S.(2K+2)‘. 

il }2 = same as with cosine chang .d to sine. 

oo 

S 4 = 2 . (- 1 )^"*"'' j 

K=1 (K+1)! (Kt2)l 

» * 

T 4 =s same as with cosine changed to sine. 

<k> 

, =. 2. (-1)K-U . C4K-1) 

K =:1 


COS (?K+1)2aj 


cos 4 K 


1 


ij . 


1 ^. 5 ^ . 5 ^ -r-C4K*-1) 


« 000 ( 4 K- 3 ) 9 j^j 


W2 — t »25 ■' ^2 


Ksl • . ^ 

^4 ® f % 


( 4 K- 1 ) 


1 


3 ^. 5 ^ ... Ci‘K* 1 ) 


coe (4K«1)§ 


ij 
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The ijuportent and interesting properties of and for a J-phasc 

& s 

horizontal 400-kV line come out to be, nearly 




R. 


g 


”1 1 

1 


fi/im 

1 

1 

1 

1 1 

1 

i 

1 

1 

1 

LI 1 1 ^ 

1 

1 

1 


It is left- as an cxorciso to dingonnlizc these 1 • 


Exfirnplo i 400 kV line 

The frequency selected is 1 Kliz 
which is useful for owitching-fjurgo 
studies* Cg = 10*"*" mho/m* 0 ^ 2 ""’^*'^"" ■ 
(11/26) = 0.4014 ra.d = Qg-y 
,^=:ton"""* ( 22/26 ) =0 *7025 


M " 1 '^ 


TT ^ 
y ! ' 


fil : r^-j=:0.234» ^-^2 " r^^«0*306* 


t ^ 

V ' 

b 


o p . 

f X / 3 

34. 


*3 


Self resistance j R^^, ®3'3* this, 9^^ = 0. 

c /0.234%2 1 .0*234v6 1 . /0.234s10 1 _ ^ 

, ^y- - ^ « ^^- 4 . I — JJ 5 — j , •grr~r' o *00663 


Ta = 0^ 


) • 5f?r^ 

* » # 

Wg 0.00056 - 1 .25 Sj^ 


5 I 6 


0.117 


^4 = , which io negligible. T^=0. is negligible. 

W. = %^i~. = 0.0043. W, s 2*234^ ^ 0.00028. 
t .'3 ^ 3 .5 

•*• ‘^r ^ 0.00685 . In (tT70Tt|o“^3T^ .00215 


0.4. (Note = ir/8 = 0.3925)^ 

tr 


J. = 0.25+0.5x1 *61 - w X 0.00685 + 1 *055 

1 ® , . /2 

?** = 81Tx 1o^ X 10"*^ X 0*4 =1 oim/Km 

« 4 X 1 .055 X 1o“^ a 0422 aH/Km. 





Mutual (1-2) : Ca.lculations give ^ .4, and 

• R^2 = 1 ohiri/Kmj ^12 " mH/Km 

♦ * 

Mutual (1-3) i = 0.3925, - 0.89 

• ** IT- 1 ohia/Km, = 0*356 Ini^/Km 


1 

r-’ 

1 


0#422 

0#3B 

C .356* 

1 

1 

1 

ohm/Km' and 

0,3H^ 

0#422 

t 

- 

1 

1 

0.356 

P.3H 

r *4 


Average inductance ^ (0.422x3+0*38x4+4+0 *596x2) 0*3’j r5!/!'an. 


®iis gives nearly s 




1 1 
1 1 
1 1 



1 

1 

1 ^ 

1 ~ 
1 

1 -.: 


vfith R = 1 ohm/Km. 

O 


with 1 = 0*39 mii/Km 

(a 


It wou3d appear therefore that only one quantity wouln be necoosary 
for each of these two ‘matrices ♦ (Eliis property is usually uhod by 
everyone • 


Section iQ ; Gorona^Inception gradient ar^ BSaximum Surroce 
Voltage Gradient on Lino Conductors 


Corona Inception t Peek's formula for coronalincoption gradiont 
on a smooth conductor above a ground piano is still the bout for 
design purposos. Phis is ' 


Here, 

factor 


S 




f 


r * conductor outer radius in cm#, -and § * alarHaonsity 

O I A ^ 

“ P in mm Hg# IMiaa stand ard-s .uso 
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■fc i-: 2o°C but will conBtdv,r 2'i^G in future.} The I'uctor (273+20)/ 

0 ^ w 

760 = 0«3B‘33 1 • Tho pronuufc variwa with elevation and temperature. 
The variation with clvvetion C’..n be taicen aa 10 millibars (7*3 mm) 
per loo metre chvint'p; of elevatlorA. Temp^ratuiv correction is not 
very import cint • 

On stranded conductors, corona-inception occui-s at lo'A'vr gra- 
dients which is knov/n as the nominal smooth-conductor gradient. 

This is takoii into account by usrliXi a roughness factor m 0.7 to 
0.8 ill fair woather foid 0.33 to 0.63 in rain. = m ♦ 

Ez ample : For a. Moose 0.0318 in din conductor calculate the oorour— 
inception gradient at elevations of 0, lOOO, 2000, and 30C0 m above 
sen level. Take tho tcinperr'turcs jis 40^, 30°, 20° and 10°C res- 
pectively at these elevations* This uounlly corresponds to a 400 kV 
line running in North Indir.n plains to tho Hira-ilaynn regions » 

Take m = 0 •75 • 


h 

1 ' c 

looo 

aooo 

3000 

metros 

t 


30 

?0 

10 


P 

760 

685 

6l0 

535 

mm 

( .3855'2y^-(;) 

0*936 

0.871 3 

0 .8026 

0.7288 


I? 

®os 

23 .0 

23.4 

21 -73 

1 9 .96 


^or 

18*75 

17*35 

16*31 

14.97 

* 


Notice th'-.t as clcva.tioii i.icreasos, corom.-s-inceptiun conditions r;re 
more favourable. On hilly torr’-ins, this problem arises even though 
a conductor may be designed to bo corona-free in tho plains-.f A 
parallel with Easchen’s Law can be found in this. 'Paschen’s Law 
for breakdown of gaps "in uniform fields is (pd). Is^p decr^a- 

jSes (above the Paschen minimum), for the sc^me gap length, breakdown 

jvoltage decreases. Hence the breakdown grddieiit (Tv/d) also 

L ' P * 

deort^ase% 



H i) 


M aximum Surface Voltage Gradient on O_q^nctorjj^ 




The S’.irfacG voltage gradi-'nt depontio on ch. 
conductors of tho bundle* This will have to be 
the equation 


r,*'^ ou the 
round r.irr.t 


r tom 


_ [y2IIeo]-- !'Erl w = whei'u 

[v] = V £sin wty'Bin (wt‘-120), sin (wt+1 ?.U)J 
[.p 3 = Maxwell's potential' coefficient xiiatrixj 

= In (2Hi7r^^), Pj_j = Ln V-J • 


Since the voltage of any phase conductor is varyutg witti tixiuj 
the surface voltage gradient will also vary at 5uifz* f-n e*a*v* 
lines, tho phaao separations and heighta arc very large in conijuTl- 
,son to the sub-conductor radii and the spaciiii^ betWwn uub-e* undue tors 
in the bun^iCc* It is therefore p.sotim-..d that tl;e changes on tin. 
other phase conductors and the imago conductoro have negligible 
effect .on the aurfocc volt'^go gr-dioht on the oub-conductoro of any 
bundle # « 

3n tiiao, therefore, maxira*'m value of charge occuru when the' 
voltage of that phase passes through' Ita maximum. In n computer 
programme, dopendir^ on the required accuracy, all factors cc.n bo 
incorporated. Thoroforo, -for a 3-pnaso lino, where q^,q 2i'ij are 
total bundle charge 


y/2iro^' 


Ml *1 2 M*| ^ 


»** mm 

sin wt 

, 92/2 ^'°o 

' == Y 

^^22 ^'^*23 

• 

sin (wt-l2o) 

m <“ mj, 

- * 

^2 ^3 

*M 


sin (wt+120) 

MM 


..Oons jeering phase 1,.when its voltage passes through mcaclamiii or 
po^lc vaitio, the voltagws of the other two phasos ore pasoing bhroogh 
negative half values. 
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«*. Krocimum vnluo of q-j will occur when 


Similarly, ( = 12 /^ 


+M-| ^ )J • 


r.M (V2-r^o)ra«. .= v[M3r°*5('%1*i2) 1 


Hnviri{^ fom'jd the chorgeo, the m.'oclnium fiurfnco volt".gc grrdientw 
call bo found os f uliowa . In tho oxprooDiuxio, f, d«nvtoo this iuroci- 
■mum charge* Aloo, when V is in kV r*ia.s*, tho suil'o.cc volfc:'{;e 
gradient will be in kY/ia r.ia.s* 


^ ) Bin^Xc c undue tor t 

' Q *1 

max 7 ^ r 

I^in conductor t She change on 
coah conductor = q/2# 


^Isrm^ g -f 

o 
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In tho ease of bundled conductor,, the surface voltrgc gradient 
varica along the periphery of tho conductor* When n unit positive 
''ost '■■harge is placed rt P^, tho;.forcos duo to charge on both 

conduc'tors a,ro in tne anme direction, while at P^^ they arc in oppo- 

site cirections. Tho maximum anywhere on the periphery occurs at 
P^* I)ue uu o4..-rgc, tho oloctrlo field Is • 

Pug to. the charge on tho other sub-conductor of the bufello, the i ^ 
oloctric field nt P^ would bo given by ^ 7*11 

But we hf;vo to doublo this for the reason tfiat whon a conducti% 

cylinder is placed in the uniform field of a charge, the stress 
on the cylin^'or is tiwico the stress when it is not present • Assu- 
ming that tho' 'left'- sub-cc/iduotur is sufficiently far that it pro- 
duces a uniform field nt tho locntieu of the right sub-conductor, 
the fiold , is ^ "" 7**E " 


0 







** Tlic m;.t!cimum surfnco vjlt grr.diunt ic 

9. 


g = ^ ..... 9 .^., , ^ (i + s; ^ ~ ( 1 +r/R) • 


"IB 


0 


^0 


^\s 


3 ) So derive n gencrnl 
consider the 4 c endue tore* I'hc 
charge on caoh sub -conduct or - 
is q /4 = q/lST* 

11 

Due tc cunductor charge ; ;^**:j 7 * 




/» Cl, 


%rs. 

i <?s 

Vf 

6-. xfcS 'nu..'^ V'' f 

"4 




Due tc ccnductor*1; B^z ^ « i « = n % — i • i 

1- 2 -jr C q ? ~ 2 TT 4 H 


1 1 


Due tc oonduotor 2: . {• =: j 


ir 

2E oiii 


Also j 


Br 


• m, ^ ,2 3 4 2 iTo ^ 


u 


1.. * T * “I 1 

I Hh n T n x n I 




She general fomula is *= [l+(N- 1 )/R*] • 

0 

Hero, q = charge on the total bundle, and (q/N) is the charge on 
oach sub'-oondujctor . Bor an 8 -conductor ^ ^ 

bundle,.' the forces are 

I 

4' 


"P — 9. 11 

■“ H*r» ?5^ =" H I » 


/ \ 

' \ 

, V \ V 




•R, _ Tj q^J'- 1-2 cos 671*^ q 11 1 

* ^5--. ^•gr., etc , j 


• • 


1 


■m ''■sfr • 5 [ 5 + i]* *5 5(’+7>^/k) 





4<e, 
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Bx;implc ! Por thu irntransposud horizcnt-il 400-1^/“ lltic, 


lM]= 


0.1 76 ,~0.03 “0.01 

-0.03 0.1 «0 “0.03 

-O.Ol, “0.03 0.1 76 J 


Vr=420 ICV, 1-1, r.in.a. 
=242 .3 iC7 , l-£^ , r .in' .a » 


B ox* ’t h e ph.''’.sos 5 — ~ 242*3x10^ ^0.l76+().3(0.03+*0l')^ 

5 


-■= 47.33 X 1,0' 


for the centre phase ;* - . g .' ;— — = 242.5 x lO'^ LO.IB + 0.5 (0*03+0.03)1 

^ "4 50.925 X 10 ^ . (7.14^ more than outer) 

Maximum surface voltage gradient s ; r = 0.0159 m, R--B/2=0.2286 m 


Outer phases 


E 


% 


1 r 


mo FTi^ • 7 'oToT5^- 


M , o;oi59 V 
) 


Centre phase 


JZ» 


me 


1598 ICV/in = 15.98 KV/cm| r.m.s 
1713 KY/m = 17.13 KY/cm, r.m.s 


I.l anp;o3.dt formula (Markt-ifMengele Formula) 

Fcr a 3“PhasQ horigontul lino, the mfocimum surface volt ago 
gradiei t on the subconductors o' an U-oonductor bundle can be 
written down in closed form. This is called the Mangoldt formula, 
also Jn'.own as Markt-Mengolo formula* Tho avorage height H to be 
used for o.h.v. linwS Ijs 
H=miniir.um height at mid span + sag/3, 
lur the horizontal oohi'l^suration, ,/jj 

= ^11 ^22^^33*^*^ 

f ' " o‘i ^ .yj 

\l "= ^1'2 == ^23 * (V4H‘^+SVS),. P 2=^13=*^ (.4'H^+4SV2S) . 


5Fow- 


h ' 


** * m** 

p p . p « 

S- ml m2 


'•** m 

9.*] 

V 

^2 

m 



92 

^3 


r»i 

w* ^ 


- % - 


1 





P 0 

Foi* any phase | ipaximuai pccurs when thu volfcugc ol th it phase i.ij at/ 
value and thO' other two phases havo negativo § value* .ui.a appijoft 
to charges also. 

^1 


S'or tho outer phases ; V-i -OS 

-i 0*5 In ^ 


yzpt 


(I c 


u 




aa . „ = T.„ f, . Jsi^l 


oq. 


% 


'1 


In -^- 0 * 5.111 5 y ( 4 I ^^ S ^)( H ^+ 3 ‘') 4 ^{ 
0 q' > 


Tho maxlonupi surface voltage gradient is 

t « 

®mo , S 5 [l + (H-1) tA] where jr~ <:•'» hf 

written out in terms of tho lino-to-gareund voli'-f,u '-nd the he ii;ht 
H and phase spacing S, 


% 

For tho centre phase : 


V 


PL-to/l 4 l g g ) 


Ln 


■oq 


F* 


B 


me 


V Li d- (K-w1 ) rA 3 

2HS 


N.r* In 




For V = 242*5 W, 1=2, r = O.Ol59, r«„ * 0*085f H=l5f 3»11| H«0*2286f 
calculation- gives 1695 kV/ir^ = 16*95 kV/cm# !I!ho previous vnluw was 
17.1-3' kV/Emi. ! 

S' * V 


4 
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TiBLE .1. 

PARTIAL LIST OP AOSR COHDUCTORS-*IORTH AlffiRIOAH liAIJIJPACTURE 



Disimctor Oirculr’r T.Tils Strr.nding current carrying; 


Inches 


capacity, 50*0 


Temper rturc 
RiSQ{ Amperes) 


Ostrich 

0 f 68 

300,000 

26/7 

500 

Oriole 

0.741 

336,400 

30/7 

530 

Lark 

0.806 

397,500 

30/7 

600 

Hawk 

0.858 

477,000 

26/7 

670 

Parckcct 

O.9I4 

556,500 

24/7 

730 

Pwac ock 

0.953 

605,000 

24/7 , ' 

750 

Plamiiago 

1 .000 

666,600 

24/7 

800 

Drake 

1 .108 

795,000 

26/7 

900 

Cardinal 

1 .196 

954,000 

54/7 

1000 

Bunting 

1 .302 

1192,500 

45/7 

1160 

Pheasant 

1 .382 

1272,000 

54/19 

1200 

Martin 

1 .424 

1351 ,500 

54/19 

1250 

Plover 

1 *465 

0 

0 

0 

54/19 

. 1300 

Pale on 

1 .545 

1590, too 

54/19 

^ 1380 

Ohukar 

1 .602 

1780,000 

84/19 

1600 

Kiwi 

1.737 

2467,000 

72/7 . 

2000 

Expanded 

1 .600 

1275,000 

(50/4 )/1 9 

1 200 

Expand cd 

1 .750 

1414,000 

(58/4)/l9 

' 1280 

Expanded 

2.320 

2294,000 

C66/6)/l9 

2100 

Expanded 

2.500 

3108,000 

(62/8)/t9 

# 

. .(itw .iin.. 10m wm * 

3000 




Table II liid inn Manul . ’C tiuvr . 13 ; yjb ( 1 bt) 1 ) 


Coyote 

C, 625^1 5. 86 

riin 1 28 ,5 * ir 

26/7 

Tiger 

% 

0.65/16.52, 

128,1 

■ 30/7 

Wolf 

0 .71 5/1 8 .3 

1154.3 

30/7 

■' lynx. 

0.77/19.53 

179 

30/7 

Print hci' 

0.820/21 . 

207 

30/7 

Lion 

0 .875/22 .26 

232 .5 

30/7 

Go'^'t 

1 .02/25 .97 

31 6. 5 

30/7 

Sheep 

1 .1/27.93 

366,1 

30/7 

Le.r 

1 .1 8/29 .89 

419.3 

30/7 

Elk 

1 .24/31 .5 

465 .7 

30/7 

Moose 

1 .25/31 .77 

515.7 

54/7 

Table 

MtlHi irAaf«N)Ur 



COPPER COl'JDUCTOR 



Kumber 

Dinmeter 

j&pprox. 



inch/ima 

Current 




Ooi’ryiijg 

« 



Cep. city, A 


7/4)'. 

.5/12.7 



6/0 

,464/1 1 .785 



5/0 

.432/10,97 



4/0 

.4/1 0 ,1 6 

400 


3 / 0 ' ■■ 

.372/9.4^. . 

420 


2/0 

,348/8.84 

360 


0 

♦324/8.23 

310 

r 

1 

.3/7.62 

270 


2 

.276/7.01 

230 


3 

.252/6 4 

200 


4 

.232/5 ,093 

175 


5 

;2l2/5.385 

150 


.. 5 

.192/4,877 

125 


7 

>176/4.47 

IIO 


8 

.1 6/4.064 

90 


9 

;l44/3;658 



io 

.128/3.251 








lABLB 

Mr 



Propertiec 

of Some Metalri 


Metai 

S p ec ii’ io 2c u Ifj t; anc e 
olm*rru 

'foiiipcr.*tUi.'e Coerfl- 
cient oi* Rcoictjance 
per oC . . 

Spcc'ii-ic 

Or'->vity 

Plat inum 

1 0 .6x1 o"® 

0.005 

21 .45 

Iron 

10 

0 .005 

7.86 

Molybdenum 

;> .? 

0 .0055 

10.2 

Tungaten 

5.5 

0.0045 

19.3 

iluminiuiii 

2.7 

0.00446 

2.7 

Gold* 

2 .4 

0 .00*54 

19.3 

Copper 

1 .7 

0.00393 

8.92 

Silver 

1 .65 

0 .0038 

10.5 



i(.r-72 






Elia i3 fart I oa c.h»v. trai'WiiUiiiUioii-liJio duiiA^n* lu do a i^at 
c,over syo tail] or iutcrconnecti d network clooi#;/! ouoh .sj loud IMov/, but 
only the design of the line from the gcncr.tting uid to t:.v io,4 eud* 

fart II covers line insulation cleuroncco breed upon •povnn* ;u , xj 

¥ ) 

light ining,' and switching-surge overvoltages* 

This lecture will cover the foliov/l;i^; to/ieu: 

1) Introduction and problem statement* 

2) Dimensions of typical e*h*v. lines* 

3) Design limits and contraints for 

(i) current density; (ii) voltu/'o 1 in Its; (ill) cor«..u- 
inception gradient and margins; (iv) Radio Noire; (v) Audible 
Noise; (vi) Electrostotic field; (vii) corona looses ; 

(viii), Line compensation. 

4) Design Data and Equations. 

(i) Decision on voltage and lo.-'d delivered per circuit; 

(ii) charge of conductors; (iii) Elec trost; tic Field; 

(iv) Conductor Surfe-uo Voltage Gi'.tdiont; (v) Corona-incopt ion 
gradient; (vi) Radio Noise level; (vii) Audible Noise; 

(viii) Corona Loss; (ix) Voltage control at fa^cr Frequency* 

5) Design Examples. 

(i) 400 W 400 Km loOO M with only ehuirt reactor compen- 

Siition; 

(11) 4Q0 1.V 800 Km 1000 U* with shunt roactorYw^ caries 
capacitor compensation; 

(iii) 750 W 500 Km 2000 m with only shunt reactor 
compensation • 
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I. lUTHOBUOTIOH 


Extra iligh Yo3,tage (SHY) ? :id TJltra High Yolbago (UliV) lines 

for 400 kY to 1200 kY and higher are being exposed to nature wlilch 

have important environmental effects ao that desi^sn constraints 

have to be not only stringent but also emphasio has tn be sliifted. 

Upto the 345 kV. level) line designs have boon based upon (a) cuin/ont- 

oarryiiig capacity (b) use of synchronous condensers and SY/itchcd 

capacitors for voltage control at line ends, and (c) insulation 

clearance at towers and between conducborB based upon lightning 

solid 

re quix'ement • Hecently, sophisticutGd/st.'te YiH systems are coming 
int 0 use 

But at the higher voltages (400 kV and above) tho important 
factors to be considered are 

(a) current density because of increased loading; 

(b) bundling) corona-incept Lon gradient aixd Ipss; 

(c) shunt-reactor and series-capacitor compensation; 

(d) elcctrost- tic field effects at 50Hz,; 

(e) radio interference and audible noise; 

(f) insulation coordination based upon switching-surge levels; 

, (g) miscellaneous factors such as ferro-rosonfflice', increased 

short-circuit current in ground) singSi-polo rcclosing; and 
(h) use of gapless surge arresters for both lightndjag and 
switching-surge duty. 

This paper gives proposed design 'procedures for o*h*v* linos 
(a) to (e) which are steady-state limits, while the second and 

^ m ' 

subsequent part describes insulation design requirements based on 
transient considerations, mainly the dynamic voltage rise during 
single -phase -to-ground fault, lightKiog; and switching operations. 

Design of an a Jb.v. lino- is always a case-by-oase study but 
it is the purpose of these papers to give the outline of procedures 
that can be followed and suitably modifiod., The contents of the 
papers will be useful for line designers,, research workers, managers. 



and decision makers* Thrco ezamplos arc o it to Li-i.uotr.'.'tc 

the application of the procedures to (i) a 4Co-f.::: >'t' '■ > 1 i-*e v/ifch 

only shunt-reactor compensation, (ii) an /m; ‘u 0 iiV ii,i* v/ith 
shunt reactor and serics-capocitoj* compoijr -t ion, n/’u (sH) •' OO-i'jn 
750 k? line without. serieo-cnpacltor cOT.pen.'.it ion , 




IHMSMS IOf'IS OF TYi'XCi\L LTi:^ 

Table I gives major dimensions of son^e typisai. Unc-t existijii; 
and proposed in the world from 400 kV to 1 “hH' i^V, A/’. (Ali 
ions are in metres). ,• 

Table I; Pdciens Lon s of Tycplc a 1 J nj _ 


No. Voltage Type 
kV 


Conductor Ikj'fca llV 
Nr B or H 


! io iy 1 1 

U " 


1 

400 

S/C,Hor . 

2 

0 .01 59 

B.-i0.4572 

1 5 



S/C, 1 



* . 

1 3 *5 1 k 1 



•D/C 




1 2 .4 , 2 1 

2 

735 ' 

S/C,Hor . 

4 

0 .01 76 
O.OI5 

0.4572 

1 3 .H 

3 

■8QP 

’S/C->iipr . 

4, 

0 .0204 

U.6 

1 

4 

1000 

S/C ,Hor 

4 

0.023 

B^4r 

15 

« 


6 

0.019 



5 

'1150 

S/C ,Hor 

8 

0 .01 2 

0 *A 

14.5 or 

18.5 or 
21 

6 

1150 

Delta 

8 

0 .0205 

rh.().53.5 

’ 

26,44 

7 

1200 

S/0 ,Hor 

6 

0.0232 






6 

8 

0 .0294 

0 .0207 

R=sO .6 

21 


1300'" 

’* ■* t'** 

8 

0 .0232 



8 

S/C,Hor ” 

4 

0.026 

B=24 r 

17.3 



‘ 

6 

0^022 





8 

WW***.( l*** 

0 .01'9 




a 


11 

13 


1 5 .2 

b 

17 


ki ,5 

24 

ia 

20*5 


' limits and CONSTRillCTS 

Tlie raiige of values eff major dmign limits and oonstralnte 
under which lines have to operate ere $pr&tk in this section follow* 
Ing typical practice t 
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2 

(i) GuiTont D eiis:Lt.v : 0*73 to 1 A/iiUii « 

(ii) ^olt aa-e lii iaiLo : LJC aad IGT Sta.iClnrds . TJon->St'i'idprd 

Nominal IcV 343 400 300 733“763 1oo"6~'”'" '"TT 30 

MaxiJiiUia IcV 362 420 323 763 1030 1200 

Suitable cojiipono, t oquipiiic'.it nuot be i)roTided at both 
endo 30 that bus voltu/'cs should not excec.d the nicixirnuia sti- 
pulated values • 

(iii) • In fair weoth- r, the between 

corona-inception ^^radient on the stranded, conductor and t]ie . 
surface voltaj^^e grudient at maxIniiAin opcra.tiiif^ voltn/’^o is kept 
between I055 and 3 cy/^ • Some lines op'-rate with 0 % marf^in but 
take Wf asiu'es to counteract hlf>:h level of radio interference 

by other means such as inci:’c'’Si-.i(f t}io broadcast station sif'':nal 
strengths along the lino route. if tirse arc few, or incroasin^^ 
the width of lino corridor. 

* \ 

(iv) Radio .jT/oise; T}lc limits for Iff, r;A:c discussed by the author 
in Hcfcrcncx) 1 • As of today, no RJ limits exist in I^dia. 
Hov/ever, following practice used elsewhere, a designer can 
limit the iioi.se to 40 iSB ubove 1 |iV/ci iit 1 Illz in order to 

fix the w id til of liiiC corridor. 

Audible Hoise : Limits for Ah .uc discu^.-od in Hefcrencc 2. 

The most widely-used dcs.v*;:. criterion is duo to Perry of the 
Bonneville Pov/or Administration in the U«S#A. Ivo limits exist 
for India and 0 dosi^^ner can luo 0 line goomebry based upon 
53 dJ3 (A) in order 'to fix the width of r±ght-of --way (R-»‘0-V/) 
for the line corridor. 

(vi) “Electrostatic Field : At 50Hz, high cloctrostatic fields 

exist which will have adverse efl'ccts on human bcihgs, vehicles, 
animals, plahts and food crops, fences and buried pipe lines. ' 
(Reference 2), Again, no lirai'^^s exist in India and a designer 
shoul^ ai^ at keeping the maximum value of o.s. field in the 
line vicinity to I 5 k?/m, r#m.s». This is the limit for let-go 

• # t 

currents in a normal human being* 
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(tH) 0 oT ona Iioo so s i •* These ar^ of i:i j”' L ii a:*'( ia liuite 

a difficult matter to -specify St the dcai:.. ut; i'acro 

are inotaiiccs when powor otk-tiojia hava been ■.uiual.e f*o h.uille 
■full ra'tcd load because of very hi.jh curu..-’^ lues. a* ! ; I'uir 
■ weather I a maximum value of b iCv//iu.i is aui.ud .-it* 

(viii) line compensation * The compciiUcib o-i ; 5i':'..-aU. nva;i;>lle 

to a designer arc (a) switched copaciiovjj, (b) uitiuit rcacboru, 
(c) synchronous condensersi (d) sextiuu ct<i* ic .Uoro , 'uid 
(e) static IJiB. systems* 


These will be described through line-^eoign oxampiou.' iicriue 

oompensation has not been used in India for liucu upto 4* t'* Kz nt 
400 kV i But this may be required for increeisii;;, tho pow er-h.'- id ihig 

capacity when a line of 800 Km' at 400 kV is co.uidered uu h,- u Inj n 
done in Sweden* 


' ^ • DESIGN B AT A ATO E Q UATION S 


(i) Decision on Voltage f^nd Beliverod Do.-d por C i rcuit i 

IJhe choice of suitable EII^^ level for Indio has fori’tod the 
subject matter of many conferences ?jnd syraposid held by the C**’*.I#P* 
(References 3j4)* As a start, with equal voltaf,ea t tho sc n.l Inn-und 
receiving ends with 30° phase difference, one circuit can liundle a 
power of D =s o.5 V /D x, where D=liiie length and x s-- pou it iv© -sequ- 
ence reactance per phase ' per uiiit length. The correspond i:%; percen- 
tage power loss in transmission is (neglecting corona loss) p ' 

^0 x/x, with r=conductor resistance per unit length. 

Tablell shows average values of r and x used, the powor per 
circuit in Mw, and the % power 3Ljoss in transmission at various levels 
from 400 ,kV to 1200 kV. ‘ ‘ 
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Tabl ell : Powor '-l fandling C apoci ty, Py and % Po wer . Loso ,p 


^sterri KV 

iy-olS7lGF*' 

ohm/1^4 

Ueni.^tn ^ 

ysr~Trwfr^ 

p, 

400 

0.031 ■ 

0.327 

400 

640 

5 .1 

■ 

0 .01 36 

0.272 

400 

2 6, ,00 

2 .7 

1000 ' 

■ 0 .0036 

0.231 

400 

5300 

0.85 

1200 . 

0 .0027 

0.251 

400 

8000 

0 .64 


(*) for other liae Icnijbhb, Jj, the pov^ror-handliiiig capacity per 

circuit io iuveroeiy proportional to I* Multiply P by (400/l) • 

form the above table it ia evident from the“last column that 
2 

to keep the I i'-heatliig loss to a i.dnimum, higher voltages have to 
be preferred in order to conserve energy. Also, one 12dO-kV circuit 
can handle as much power aS 3-7530 kV circuits and 12--400 kV circuits 
for the same distance of transmission. Tnis will decrease the width 
of line corridor. 

(ii) Charge of Oonductors ; 

Many e.h.v. phenomena depend oi the SOHz charge per unit length 
"on the conductors. Those are (a) the e .s . field, (b) RI and ASF' 
caused by corona which depend o-i the cpnductor surface voltage gra- 
dient, ard (c) corona loos. The charge per unit length on the 3 
phase -conductors is given by » where the 

I with[P'}= Maxwell's Potential Ooefficiepit^ Matrix • 

Its elements are ~ C I.^ j ^ ^ ^ ij j — 

1,2,3* Here,, Hi = average height of conductor i = iij&ilinum height 
+ sag/3, = aerial distance between conductors i and j, 1^^ - 
distance between cokiductor i above grouikl and the .image of conductor 

below ground, and » R (I #. sa geometric mean radius or 

equivalent radius of the N-co*iductor bundle with sab,-conductor 
radius r distributed uniformly on a circle of radius E. 

The inductance matrix is ® ® , pH/m, and the capa- 
citance is f ol » S*/m. 
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(iii) Eleotrostflt/ic Pie Id i 

The e(,;aatl.oiiQ for the field at any foint (X|y)L.i l;ic vicialty 
of the line from an origin placed at any conycnieut icua I- tea: (uoually 
at ground level under the centi’c, phase) are jf^lvou ua .ioiiowat 

Vertical component ; E^(i)-(c|^/2ire^)^ \ 


Horizontal c omponent ; .E^( i)=( q^/2ire^)(x-x^) 
where E? = + (y-H. 


1 / 


2 


1 2 2 2 1 

and (E^ ) = (x-x^ ) +(y+H. ) < (x^ -horizontal cooitlLu.te of ph, 

' ^ ^ ^ 1 QQ ^(J^cto^ i) • 


Total field t e' 


1 i“1 




*[2 


Each of these is a 50-Hz quantity so that addition of 3 phaeora 
and determining the resulting amplitude is ,a straight- forw^.rd pro- 
cedure, Reference 5* The charge q^ is that of the, entire bundle and 
is calculated from the.kiiQwn transmission voltage matrix [^Vj 
Vfain wt, sin (wt-l2o5)i sin (wt+l20°)'] , and the mfitrixL i v/hich 
depends only on the line dimenuions. The voltage to be uoed is tlie 

of the line-to-ground volt^^ge in kV in which oaoe the 

ampj.itudes of vortical, horizontal and total e*s# field will be in 
kV/m . , .r .m *8 . 

i I ‘ ' 

(iv) Oorfroctor Surface Voltage Gradient ; 

On a bundle -conduct or, tho surface voltage gradient on the 
sub -conductors will vary a long, their periphery, Reference 7* The 
maximum value is very closely given by 

^max = ^5i/2Vej,).(1A).(1/r).'[.1+C!I-1) tAI . 

” * • * » # r I.’ i * 
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(^)- ££ ..ona-Inception Gradient 

1,1 this paper, Peek'":; ±’or]niiJLa is used* Por a stranded conduc- 
tor of radius u luo^Luc, Llic corona-inception gradient is 

®or “ 2I40 IQ h o +0 *03 01 / 4 T S ), kV/m, (r.m.s.) 

Here,- n = a rputghncss factor = 0*8 to 0.7 in fair weather 

= 0 to 0 S5 in rain 

6 = air-denrjity factor = (h/1 01 3) (273+tQ)/(273+t) 

1) = barometric presoui’e in millibars^ 
and t = temperaturo . 

o 

An of the present thnra, Indian Standards specify t^ = 20 0 but 
will consider as future standard* The barometric pressure 

varies with ele-yation and tciiipcrature ♦ (References 8,9) 

(vi) R adio Hoise Level ; 

The G .1 .Cf diS . Poriiiul a used in tnis paper for voltages upto 
730 kV v/hi.cii have 4 sub-conduct ors in the buaadlc* The formula is 
(References IO7I2) • 

j. • ■ ' ' ■ 

Rr(k) : 0.033 Ej^(k) + 1200 r - 33 Log [. D(k)/2o] -30, dB* 

Here, L^(k‘/ = m-Tx-'n'r- -vol-hage gradient on any conductor k,, 

(k = 1 , 2, 5^ in kV/n, 
r = eub-cond actor radius in metre, 

I)(k) -IS: 'aerial dio-tsnee from phase conductor k to the point 
where the RH level is to be evslunted, in metres* 

In order to add the HI cont.ribution due* to all J phases, rules are 
given in OISPR Publication^. No .74, References 12,1 3* The above 
formula -applies in average fair woather at 0.5 I'Siz while at 1 Mz 
the RI level is 6 dB losifer. If on©' of the 5 oaloulated values of 
RI(k) is higher by at least 3 dB t^han the other two, this highest 
*’'va^ue is taken to be the total RI level of the line * If one ' of the 
RI(k) is lower than the other two by 3 dB, then the total El level, 
of the line Is HI ^ (sum cf the two highest ■+3) dB* 
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(■v-ii) Audible Boi30 *• 

In this paper, the i'ormula developed by the 
Por N ^ 3 j, tiiO juux'iuu^a iij (hc4. ui ^4} 


i.'J U.iod* 


An(k) 


120 Iior-:r ^ I)(k)]- *i43*4, dB(A) 


For 'E7/3 in. a bundle , odd 26*4 lo/"; (*•') 
l:o the abov% expression. For !B=4, thin 
'.’ound ProGSurc Iiavel duo to all 3 phfU’.e 


- 13 , d!*. (A) 

in 2 #H 04 di'CA) 

< * 4 < ♦ 

»a X-kwe 


♦ 


3 

SPI = lo. lo^siQ 



Tlie total 


(viii) Corona Loss t 

C3 the many formulas available, the f olJ cp^i^lnr. Is uised which is 
due to Ryan and Hcnlino, Rei'eronco 13* 

•' 1,^=4 f C¥(V-V^j), Wibn, 3"phuac, 

whore - freljuc'ncy in Hz, C = capacitance of lino to /jrou.id in 
r/i&i, - r*m.s. value of pov/cr frequency line-to-Xine foltugo in kf 
and "^0 “ r.m*s« value of coron-inception voltay,c in kV • 


(jbe) Yol-Ga^c cunxrol at lower Froguenoy s 

The equations relating the sending-aad voltage and ourront with 
those at the receiving end are 


V 

s 


*** 

A , B 


r i 



0 , D 



u s J 


U J 


L y ** 


wlth^A«a 3 , AD-BC s 1 . 

Ihe generalized 'constants A,B*,C ,1) liave the following values, 

(with 2 s (r + ^ wl) Ii and Y a* .jwol) i 

(») For only the -line ; A^Dascosh pL, 8inh pl», 0 « (slnh pI»)/\ 

p - /iy , 2o ■ » JWT, 

rjl,o a distributed resistance, Induedtanoe,^ and oapaoitanoe of line 
* per Kifl • . ^ . 
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p. ~ propaijntioia coiiotant and our^jc impedance of line 
and Ii - line length in km. 

The ciuaiiticieo A,ByG,Dj p and 2 ^ arc complex v/ith magnitude and 
angle •• 

('t') >^hunt-reac u ur oomj.'e.iiaut ion : 

Y/hen reactore of admittance each are connected at the 

tv/o ends of lixie, the total A,B^C,D const ante are 


Aj 

t B j 


"a ,, B ^ 


B 

f 

0 

Cj 



iC , D 

LW'iC? 

2A-;jBj^B 

0^ 

f 

B 


■ (q) Scries Capacitor of Reac tance (^jX^) locat'd nt lljaat centre 




‘a , ]]’" 


* r 

" Sinh pL, f 2^(1+cosh p L) 



j 

-3(X„/2Z„) 


_aj. , Dj 

i i 

c , D. 

(coah pL-1)/Z_, sinh pL 

1 O mJ 

w 


Line 


(d) Sl iuijit reactors at line ends and series capacitor at middle 




Cm J Dj 


'T 


fA.n' 

0,D 


fB 


0 


-j B, 


L»v»e, 




H 


SinhpL, 


2 ^(l+cosh pL] 


22, 


coatoin^ sltihpl 




1 + cosh pL, 0 

^ siiihpL- 4 Bj^( 1 +coshpL), 1 +coshpL 


Note: All (iuantities except Bj^ and are phasors with a magnitude 


and angle » 





DESIGN EXAfTLIlU 


The ciorjign procedtirec uui] ‘: b’lc cojuit tV' i n ; !.l Ur ib;! ;;et; 
forth ill previous sections v/ili l^o lllust.f; !;• d by ;ii| lyiii; thnni to 
the following types of situxtionn: 

1 . 400 kV, 400 itei, lOOO Mw wLtli only shunt reooior jon^ 

2, 400 kV, 800 Kill, 1 000 Mw v/ Itii shmit uuu iJCfiu- 'Mpa- 

citor compensation. 

7!50 kV, '300 Km, 2000 hw v/ith shiuit ro^ctoi- coj..,'UUS.''t, lun. 

It is believed that these will he in Keep in/; v/.iLK r-it.ure e.h.v 
transmission that might be used iii Indie.. 


Eov/ er-H an dling Oapaoity and Number or Circuits 

*Mwi ) iiiw M 'i# f i j w a wii i iiil w <ii (ii^ii r 'ii‘[r ' ".i ' ni -nift r •ViinTtr.rfyi m nmpnyininTn-' 

V 

Using thei, equation E=*-0*3V'/ioc uM the values x givau in 
Table II, there results ; 

1) V=400kV, L=400 Ivm, X'i50.32/, E”0*bx400 /(4 (j0xO *>pY) t 4C' I's* 

Two circuits will be- gcnoraliy necessary for tr; namitt in|r loro’b/. 

2) Y=400 kV, L=800 Km, Ioctr.262 otas. Ilith bo/^ ser O a-c aiN'^c 1 tor 
compensation, the total series ro?=tctBncQ drops to 1‘i1 ohna . 

Power handling capacity per circuit « 040 fJ.*! and 2 nircultn 
■ wii: bo necessary. We assur • that ooch olrcuit v/iil hpuidl.; ‘nX) Nw. 
'3) 1 = 750 kV, ii=300, X = 0-272 oiimAm. P ■ XoHt, Kw f and one 
circuit will be suri'icicnt. Wc have to remark that auUi a 
scheme will uuu pruviae reliability In cdoo of liic out.i.oe .. 


Dine clea r ance and Phase Spacing 

As recommended by the National Electrical safeity coiuicll, wini*- 
mum clearances at raidspan will be (a) 400 kV - 'j m (20 ft.)? (b) 

750 kV - 12 m, (39 ft.}. 

Using Table I, the dirensions used in this paper will- be i 

(a) 400 kY ; Min* Height =s 9in, Sag =* 12 m, Av. Height 9+^12:i15!n 

(b) 750 kY : Kin, Height « l2ia,Sag = 18 m, Av. Height « l8m 
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Phase spacing is based on rccoiniiiended clearances for sv/itching 
surge* 'Por 400 kV, the phase spacing v;ill be I2m*. At 730 kV,, the 
phase*t*spacing is l5m. 

Ohoicc of Oonductoi- Sii;G 

A 2-oonductor bundle for 400 kV' and a 4-oonductor bundle for '• 
750 kV will be used with spacingo of 45 cm botv/cen sub-conductors. 
Phe conductor sizes are r 0.0159 for 400 kV and 0«015 to 0.017‘5 
for 750 kV . Phase sizes v/ili be checked for (a) corona inception 
gradient (b) margin between thin gradient and maximum surface to1~ • 
tage gr.'diciit at cqperating -volta^'C , (c) electrostatic field, (d) RI, 
(e) AM and (f) corona loss. 


(a) Corona inception and t'iargiun : With roui;;l:incco factor rn=0.7, *=1 , 

(i) = 2140 (1+0.050l/^/■o■.Cd^)x0.7 = ^856 kV/m for 400 kV 

(ii) = 2140 (1+0.050l//0^)x0-7 ' */lB6$'. H/jn''.) 

(iii) !^^ = 2140 ( 1 +0 .0301/ ^ 0 .d 75 )x0 .7 1B39 k7/m < 


400 kV : Using Nri2, r=:0.0l59j H=s0*225, 0ssl2, and ii=sl3, the ; maximum 
surface voltage i^radient on the centre phase conductor comes to 

laximuin 
X lOOJi 


16.82 kV/cm = 1682 kV/j.i at the maximuin operating voltage* of 420 kJ/, 
Phe margin is loOJo = Phis may be oonsi- 


r .m .s . 

dored satisfactory 


If 30% margin has to bo maintaiiied , the centre-phase gradient 
I'las to be limited to 0.7x1856=1300 kV/m. This requires conductors of 
nearly 1 ,5 inch diameter which is equivalent to at least the Plover 
of North American manufacture. (Reference 16,17). 

150... lev ! With N=4, r=0.0l5, R=0.3182 ( = .45/ /2), S=l 5 , H=l8, the 
centre-rphase gradient’ is ,19 .9 kV/cm = 1990 kV/m. .Phereforo, with 
corona-inception gradient calculated as 1866 kY/m, corona hns . . 

started * . . . 

• . # # , 

. But with r = 0*0l75, the maximum gradient is 1? dIkY/cm-l 740-kV/Ta, 
v/'hich is lower than the corona— inception gradient of 1839 kY/m. The 





margin is x lOO?^ “ 5*4^» c.'iuo oi th*,. outor 

■fehe margin comes oui' io be nearly Thcuo 'i/iil tjw 

further to chock for RN, AN, etc* ['’urtlior c.'tlciii.' t iou.c v/ilJ 
based on r = 0 *01 75m. 


phooos 

be 


(b) Radio Noise 

400 kV ; Here.j the maximum suil'aco voi!.ag,o gradiuatu uro 


Centro 


Phase - 3 682 kV/m; outer phaaos - iGOO kV/i.iJ|vom the 'Uhitii roi'imUa, 

«r «i ^ 

at I 5 m from the outer phases the HI iovolh due to tiie 5 5 >.«nMu;i coix 
out to be = 45 dB# ^•^[2) “ ■■•■ 5^’ di'! * hi of 

Line Is ^ ( 45 + 42 + 3 )=45 dB at 0*5 tfilz uiid 35 di'« at 1 i'li.'. . At the cdj/,c 


of night-of-way, tho level is to be l.i.i.iit.% to 4i* eh* at 1 hh;;. 
therefore, the width of R-O-W oxtuido to I 5 m froj-* the outei* ph. ee. 


750 k¥ : E_ = 1740 kV/m, E_ .= 1650 kV/m. At x I 5 m from outer 

«■. iricIT ,1 1.1UW1 r-rlPiiit'.nilt HijSlK' UllQ 

phase, CIGHB formula gives RI(1) s 46-5 dH, HI(2)M3*5 d'l, RE(3)^. 

56 dB. RI = 46.7 dB at 0*5 I2\z ruid 40*7 dll ot 1 ’.b's* T)iin is 
slightly above 40 dB . . At 16.5 ractr.o from out^ r jirce, the iU level 
works out to be 40 dB. fhio may be considered ;is 'the edge of tho 
R-0“W . While these values can bo urjcd Tor prollmlnury designs, it 
might bo worth noting that the CIGBE formula luiu a dispuTKion of 
+ ^.dB at 0*5 Mz* Therefore, it is fruitless to oiecify t!ic edge 
of R-O*^/ with any great degree of asoirrnnco at thlri stage* Ple.'uo 
see Reference 1 for all other eonoidex'citioas, ospecioliy, for 
Signal/Hoiso ratio basis for setting Itl liraits. . 


(c) Audible Roise • ’ : 

^00 k? s AR(1)s4l.3 dB(A), AI(2)=424, AlJ(3)s57*7 at 15 metres fi’om 
the outer, phase. 

SPI, = I0 log [_io‘^*^3+4^4+3.77] ^ 

This is less than t^e limit of 53 dB(A) * Tho width of H-O-W gover- 
ned by RI level is therefore used. , 
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- r. ■ ^ 

750 kV t At 15 metres from the outer phase, 

AH(1) = 48, AH(2) = 49 , and = 44.3 dUU). 

«*', SPl = 52.3 dB(A)» ’The edge of at 16.5 metres from outer 

phase is O.K. from Appoint of view* 


(d) Electrostatic Field 


400 kY 

* 

■'5.64 

.07 

.39 


1 

“ .1728 

-.02*36 

- .008 - 


.87 5 .64 

.87; 

giving^M^ 


-.0256 

.1 772' 

-.0256 



.87 

5.64_^ 



L- .008 

-.0234 

.1 728 


Kie maximum ground-level field at 420 kV works out to be 8kY/m, 
r.m.s'. This is lower thau the limit of l5kV/m. Therefore, the line 
dimensions are satisfactory. (References lB, 19). 


750kV ; The maximum ground-level e .s . field ’works out to 6’.7 kV/m* 

Prom the [ Pi and mat rices, the positive-sequence inductance 

and capacitance are* s' ■ ^ ' 

400 kY s L = 0^985 mll/lha, C=l0.82 nP/Km 

730 kY s L = 0.866 mii/Km, 0 ■= 13 nP/Km. : 

• « 

(e) Oorona Loss s 

Since the corona-inception gradient is higher than the surface 
voltage gradients, no corona-loss is anticipated in fair weather* 

750 kV s When using r = 0.0175 metre for the sub -conductors, no - 
corona is present and loss is not of ’ consequence in fair weather* 
Important Hote j It is emphasized that the design procedures laid 
do?/n here are not the only Sf.t of steps. The method followed in 
the U.SJl, eonsists of fixing the conductor size based on current 
density point-of-view for the load carried and the voltage, and 
then selecting the spacing between the phases from considerations 
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of surface voltage gradients* Eiio, uuufiiiy roisU.lx\:o cgutiuo tors 
larger than used elsewhere* ^ L. the U*S.A*, ILiU duoii'.no for 7 'jO kV 
and higher (1150 kV) arc based on ooloctlng t'ho lino olearunce 
from the point of view of keeping the elf r:troi:t- t n: fif.’id to below 
9 kV/m, and then fixing other dioonsionrj « 


(f) line Comiponsation 

'1!hc lihe parameter's calculated fromTiwal d Ijiionn iouu .-ire i 



1, mH/ICm 

C, nB/Km 

X, olmi/Kin 

V, 

1', olm/i-aj 

400 kVi 

0 .985 ' 

10.82 

0.31 

3 *4x1(5*^' 

0 .023 

750 kV. 

0 *866 

13 

o'a’R 

HmJ'' 

0.0136 


Bxampl-c 1 : . 400 kVi 400 500 LV/oircuit 

E = 9. 2+3 124, *36x10”^, 2,,^ 302*5. 

t# 

= pi = 0.411 /sb” , cosh/5r r. 0.917 olnh#? r. *4 /B(f *1 

Bor the line s A= D J O. 9 I 7 / *56^ , B.-=120 *77 0^,1 *52x1 

Bhunt reactors of 50 IIVAR at 400 kV may bo uoed at cnch ond 
with = 0*5125x10**^ mho. 

= Bj = A - 3 = 0.955 * 

Wa select a sending-end voltage of 400 k?, giving a loid«*ond voltaga 



0 




0 — B — ■jp 


cooh /^Y 



W 


c 

■ 

0 ^ 
2 


0 


+ 0 i -2C JC coyh j i6i) 


0*802 X 1o~^ /b9°7,. 


^hort"ing current = 0^ ™'139A, WAR I2r)# 

fo compenyat ion provided *by shunt react orr* -- 

Centre of receiving end circle : hW. t - r/Ai\' 

Radius R = U26 WA . 


Required switched cap ’Cltors at lo* d ond for 900 MY «t uni'.y po^./cr 
factor = 167 WAR* 

Example 3 ; 750 kV> 500 Km, 2000 m, 

A=0=cosh pB = 0 *866 , , B=1 29 .2 /J0° , C.* 1 *04 5x 1 o"^ / * 

Try Yj^ = Vg = 790 kV . A^ = 1 = A-j B giv i.q.; 1 *037x10*“^ who 

At 750 kY, WAR .= 585 nt each end ■ ' ■ 

Oj =• C -■ j?A b|* B= 9x10”^' ^0^ 

^ compensation- = S5%f Ihis may be too much •For 50/'^ oomponsat ion, 
or 500 WAR at each end, for Y^ u 750 kY, Y^ coiiiuo to 700 kV . 

Eor 400 MVAR compensation iii ohunt r.^actor at ouch ©ndi Y, ;'.72u kV 
for == 750 kY * This will be selected. From cii’clc cliutirum, for 
2000 VJ load at^.1 .0 p.f i, switched capacitors for 500 l.YAR arc 
required • 
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■ PROOISDUinilS FOR E ,H .V . LL'IB INSULATION DBSlCxBS 
PART II I BASED UPOP TRANSIBWT OYERYOMMmS 
I. IITRCDUGTIOR 

Selection of conductor size,* bundling, and <othcr geometrical 
detailw of an e.h-v. lino was the subject of discussion of Part I 
of this work, Reference 1* The present chapter; discusses insulation 
requirements based upon overvoltages caused by (a) pov^rer frequency, 
(b) lightning, and mainly (c) switching* These govern (i) insula- 
tion clearances, (ii) insulators and air-gap clearances required 
at towers, and (iii) insulatioxi clearance between phase conductors 
in the span between towers. 

Pield studJrsc Olid uc ted on an existing system, v/hose design 
has. already been finalized' and put into operation, arc only 
helpful in checking the design adequacy of that particular system, 
and in addition provide a lot of data for a similar system in future* 
These field studies con also offer the basis for chock jjig calcu- 
lated values of overvoltages from model studies, which can take 
the form of physical models on a Transient Network Analyzer (TNA 
or ANACCM), and mathematical models using the Digital Oomputer* 

As such, all these studios are complimentary to each other. The 
results of field tests conducted on one system (or TNA and Digi- 
tal computer study) should bo used for designing a future system 
elsewhere, as has been proved to bo the case in most system desi- 
gns Carried out in North America, where field testing is being 
continuously undertaken by utilities at great expense* If such ' 
were not the case, then billy one field test on any one system . 
would’ have been adequate. ‘ 

The principles upon which Insulation levels arc selected 
arc only two: (1 ) A knowledge of all relevant profierties of 
overvoltages which a. -system might exporicnooj and (2) a knowledge 
of insulntion char ao ter is tics for all typos<#f voltages to v/hich 
it will be subjected* Both of these factors have been the sub— 





^ect xnattcr of very -ext quo ivcy cxhauotlve, oy.vt;'’;’* i vo | ■>»'»! oiiliijhtenej 
stiudioC) all over the world where c*h*v* 1 *H'f‘ ie-e havw h on 

very active in this’"!’ ield ot ivocercii and dovelf^piae ;t . Ac uuoh, 
only the broad principloB v/ili be d ieciiaued h ;.*e tu eyntiicei;:c the’ 
present ot<:tc oi the art and provide nuv/ j'ujimel, u; tto a,.j iy };v5 the 
design of line insulcticn* SpccijM.c CcSeo or a 4 rri-iw' .i. Lno and 


a 750~kV line will be presented in ordt.x* «o x’oal. Lae ti; , deei.pi 
procedure and to check its adeunacy* 


No design procedure can be coxioidcreu an ,y L-.ld lj#' Ihv r Lii:xl 
result, because all such studies lead to the ;ueui oi jeetivo uj‘ 
evolving a preliLimary design for the to.ver structure dixfc.’ iJ.u md 
clearances, which will then makv, it or'.sy duri.n;, nuck-up tstudiea to 
verify and finalize the design. BHV liLto oier-n auuu la ve jiow 
become so large tha.t they have rcc.ciwd the out tu-rk i u;. r./^uu. Ln 
the gaplcngth ~ breakdown or v/ithst- nd vul:,-'':e jfijtation so that 
even a slight reduction in the switch Lug uverveit go mr.g.nitudo 
brings- about a considerable docrea.sc in uir-^tnp clo-rtur'C reqtiircd, 
resulting in oconony. 


II. DISCUSSION OP RaD-PMHE GAP DBSFrN 

i 

Ifhc basis for sclcctiiui of /'.rr«/:ap clear* n- between nny 
given typo of oleotrodc gocmetry can be rt,lat-.d tr» the rod-plane 
gap properties. As a preliminary ex: mple to iliustr 'tu the j'roc- 
cdure of selection of insulation cleajvtncc am the ofruct on non- 
linearity in the V^q-< 3. relation, whore ctiticai flaohovor 

(50?5 probability) voltage in kV and d r: gap distance ;iu uiutros, wo 

assume the positive switching-eurgo formula of Leroy mid Oaiict of 
E.do D. which is = 3400/(1+8/(1), Rufurwnce 2. We now apply 

this formula for a 400~kV lino and a 750-kV lino. Tho 1 p.u. 
line-to-ground crest value is 420 J 275 ’ « 343 k¥ at the fiiaximuiti 
operating voltage of 420 k7, r.m#s#, for the 400-kV lino, and 
750^2/3 = 612*4 ky (?rcot for tho 7507kV lino* For owitchitig surge 
levels of 1 *8. p.'.u*. to^ 3 the required air-gap. lengths are 

calculated and as a comparison calculation® are a^so ma.do nocor- 





ding tu Pari '^'3 iormuXc, Roiurcnco 
str.nd Yoltc-.gG for r.li gnp Icngtha 


3t = 500 The with- 

ic fhsurni-d to be • 


Table I : Eud-l'laiic Gup clcuL'tuJico tor 400'-l:V and 750~kV iinos 

BnDod upon PoGitivc Switching Surge o (volliagcs in IcVy 
gap length in metres) » . 


400-kV lino 


750-kV line 


P.U. 

value 

Ks 

With- 

stand 

V,jr=343 

Kg 

CIO ■ 
7=1 .15 

H/(%^ - 

do- 

- ^ ) (JL)1 .661 
500 

%= ■ 

^ 6l2.4Kg 

CIO 

1= 

1 .15 
V™. 

w 


^2 

1 .8 

617*4 

710 

2 .1 

1 .8 

1102 

12'67 

4.753 

4.71 

2 »0 

686 

789 

2 4^ 

2.14 

1225 

I 4 O 8 

5 .66 

5 .62 

2.2 

754 .6 

867*8 

2 .74 

2.51 

1347 

1549 

7 

6 .59 

2.4 

B23 .2 

946 *7 

3 .09 

2.9 

1470 

1690 

7. 91 

7.61 

2.6 

852 

1 025 .6 

3*455 

3*31 

I 592 ; 

1831 

9.34 

B.7 

2.C 

960 *4 

1104 .5 

3*85 

3 .75 I 

1715 

" 19,72 

11 .05 

9.85 

3*0 

1 029 

1183 *4 

4 .27 

4 *2 ' 

1837 

2113 

13*13 

11 .0 


The above figorco reveal the foliowirgg propertiesj 

1) lor the 400'-k7 line, an increase in switchiiiifh-eurge megnitude 
from 1 to 5*0 p*Ub (a*j. nicreuse oi 66 #7% over 1*8 p#u*) requires 
an increase of 103*35*^ (2 #17 m over 2*1 m) in air-gap when using the 
Icroy and Gallo roiiaula# . Paris *s formula gives a 2.4 mi increase 
Wer 1 .8 m or 133 .3^ fo:^ the same .range of sv/itching-eurgo magni- 
tude change of 66*7^ over 1 .8 p *u* 

2) lor the 750-kV lino, the non-linear effect is more pronouncod# 

* 

The gap length has inerbwsed from 4-753 m to 13*13 mu an increase of 
176%, for 66 * 7 % increase in voltage* 

The calculations given above arc baaed on ccDortain important 
assumptions which have experimental basis, but have serious limi- 
tation if applied universally* Therefore, in the opinion of tho 
author, oach ease .must bo chocked for adequacy on a mock-up in an 
©•h.v* laboratoaB 3 ?# These limitations will be detailed in later 
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wcctioiiB . The .assumptions made I'or Ui^uc cu.Lovil.it; lur*;; u-c au 
follov.'S 1 

a) The withstand voltage is 15 ^' lowcx' tiiau Lu bikc riuonuv ,r 
voltage "^jQ* 

b) lliis is ba.scd on the well-iaiown and Uv. I’l.y tui :V'.»o!uliy-adupU,d 
rule that the withstand voltage is 3 utuiw rd devlatiun.j hoiow 

the CFO.. , 

c) The standard deviation is <5^.-= o£ QFO* The.'C a-i, ; 7.r:',:e 
values aaAshow wide varint loas in pr^ct mu', va.ioh df-pentj on 
several import, ant factors such as 

i) the choice of w.-veshapn of sv/lLch nuo'e; 

■ii) the variation of cr* with 'da. w-v. front iim, ui' sur,;!, rs 

v/oll no the gap len/':|;hj 
iii) atmospheric conditions; .and 
iv) that the flnshovcr i)robability folio./:; a 'fiu:;;,; ian 
distribution with a loiown media.i. rnu .:t.''nu rd 

t 

dovint ion. 


In addition to the abovt.. t\/o forwiii.Pt ,s ■ y4Uu/( 1 -^h/d) :,nd 

,0.6 

500'i . which have buen used befere, thci’i., are .Sv^Vwi’ L other 

formulas 

empirical uvailablv, in l;h., ez tea.cxve i iit,va;tiu*o 

on the subject of flashover of loog gap.,;, (Hcf'.rence 4 and bibl- 
iography given iii SecbiunJC). owmo of these uix '}uofcwd buiov/ fur 
the GFO or 50!^ flashover volt. go* The values r.ro crest vuit..|'ea 

and for positive pel, rity (except fur a.c.) and in kV \/hoJi the 
gap length d is in metros. 

Gap Geometry lightning l.C. Powv.r Pruiiuenoy Switching 
j __ Swgco 

1 ) Eod*nPlano 


2) Hod -Hod 


500d 


652d 


0.5)76 


1 .25/50^ » 

50pd 

V50:667d 5'>oa+1i 45j!3d+25 

1 .2/508 540d 


1 .2/50fS8 

580d 


555d 


500d 


5i55.!)d 

500d^*^^ 

3400 (1 ‘ 

100(f50a7r-2»5) 

120/400UC 



350/23d0us 
872 ^ 
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IIX *“■ A.m OOMDIJOTOR .^TO -<!ROI3>T1) OIEARANCB 

The ro-i-plnnc lcn/;th r'.quirc-d -for poyitivx>-^ols'^rity 

switciiln£^ suites -rr-'n^lng from 1 *8 p*u.. to 3*0 p*u*. oii n 400-k7 
line and n 730-KV line lio.vc boon given in the previous section* 
The conductor— to— t; ewer clearance is determined fchi'ough a *gap 
factor’ K-1 *!5_ when the tower structaco is above and lateral from 

the conductor* This means that the OBO for this electrode coiifi- 
guration or gooraotry is 1 oxthe CFO of a rod-plane rnp of the 

some length* This, is based on the wox'h of Paris* 

iiav.ln/.!; calculated the conductor-to-to\7cr clearance d| the 
minimum cenducor-tomcround plane clearraice will bo taken to be 
h=4 •.3+‘^’«4d metres, Reference. 5* 

Accordingly, the following vjtlu' s fjcar cunductor«tov/er and ‘ ' 

conductor-ground cloarjincos will bo tyjaical for the 400kV llncD 
and 730"*k7 lino • 

Table II* Conductor-Tower and Gonductor-C-round Gaps for 40OlkV 
and 750-kV Lirms 


P *u.s , 

•h 

1 *8 

2 ♦() 

2.2 • 

2.4 

2,6 

2 .8 

■3 

.0 

Conductor- 
Tower Gap 


1 .667 ’ 

f 

metres 



• 


400 

kV 

1 *1 6 

1 *38 

1 *62 

1 ,87 

2*14 

2 *42 

2 

*715 

730 

kV 

3*04 

3*63 

4 .25 

^ *92 

5*62 

6.36 

7 

.133 

C endue tor- 
ero und Gap 

h = i 

*3 + 1 .4d 





»**' 

400 

kV 

5 *924 

6*232 

6*57 

6*92 

■ 7*3 

7*69 

8 

.1 

750 

kV 

8*56 

9*38 

10.25 

11 .2 

12.1? 

13 .2 

14 

.29 


17* PHASE-4PCKPHASE CIBARAMCE 

The phasc-to-iphaso olearanoo required irem switching-surge 
Qonsidurntiojtis arc also designed on the same principles* An 
average ’gap factor’ for oonduotor-conductor GIO over n ground 
plane cafi be assumed to be 1 .8 (Ecforcnco 5) which allows rod- 



iiCDh«9C 


plnnc fjap CTO Tnluco' tobc trnriol^tcd tc^ai ply t -v. uducior-, 

conductor which will be •hi ..ai-i o ■•■o, wo have _ 

to design the rc()uircd gap on ’;hc h'^shi ■'{ '.>n fvw d :ri/’.x Lmuti phaoo* 
to-phaac svatching-Gurge 'nidf'nitu''.e • .Tain will i '’T.on to r'-ngc 
from 2*5 to 3.3 p.u* with 1 p.iu 343 kV f r the ixv^ and 

6l2'*4 kV for the 750~kV line. 'Then, the f Ihv/i.ig ”ic •r-.-no.,;! 
between phases ftxv frcin the tow ^r wiJ.l he 


lablo 


III : Phase -to-plir, sc Olo., ranee Ih.r 400-10/ and Yh* -kV 
Lines (voltf.gub' in kV CL’e..<t, u Lii ru ta-o) 


P.U.S.S. 'ahE, 

2.7 

2.9 

V. 1 

J » * 

3 *3 

J ^ 

400-kV Lino 

cres't ®7*5 

926 

995 

1 063 

1 1 3h. 


V^q=:1.15V^ 986 

1065 

1144 

1223 ' 

1 3u2 

13^.1 

dj,rod-planc 

3 *3 

5^97 

4 .44 

4 .**3 

5 .4 ' 

d, cond.-cond. 






1.164 

1 .324 

1 .4!)2 

1 .f.Y 

1 .85 

2 .04 

750-W lino 







1655.5 

1776 

1898 

202 1 

2 I 43 

V 50 1761 

1902 

2042 

2183 

2324 

2465 

Sr-p 8-^5 

9.27 

10.14 

1 1 .f'6 

1 2. .85 

1 .* .28 

d„^ 3.06 

c— c 

3.48 

3.92 

4 .38 

4 .86 

5 .36 

«• 

Onoo again, these arc 

based on 

tho n 

osumpt i. 

.US tb'‘t (q) the 

withstand voltage 

is 30 " lower thnn 

the CFO, and 

(h) khe rib'nd -rd 

deviationtP^ =d% of 

OPO. Tills h's oori'*u 0 

limltatii'uo • 


Prom these discussions, it should la© evident that dooiga of 
insulation clearances is baswd on an iirnnensc amoia'it of uxporimurit- 
al investigations. Ihc sections to fellow will disetwa the nwod 
for correction factors to be applied tu the. previous typo of cal- 
culntions before the final ohc-ico of insulation oloa.rancoo is mndo' 

Before this is o'arrivd out, wo must check whether tho pre- 
vious air^ap clearances from conductoivto-tower 'ai'c ndequato for 
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powGr**f ro qucncy and-lightning TOltagcs* 

Y,* GJaiARAIOES FOE POY/ER BHEQUBFCY Am) LIGIITHDia 

In carrying out the chcc3c for the adequacy rif the abovc-cril- 
Gulatcd cloarr'nccc b''a'.,d '■'n positive ov/itQhing-surgc considora— 
tions, several governing criteria arc postulated below: 

1) Extreme angle of swing of insul-'tora from vertical v/ill be 

a) fur Pov/cr Frequency ; 

C) 

b) for Lightninfj Impulse: 30’ 

c) for Switching Surge ; 15*'* 

They arc based on the assumption that powcr-frctiucncy oxci- 
.ta.tion is continuous and raoxhiium swing under a severe storm is 
60^* Lifjhtnixig strokes and ikisulator swing arc ba.sed on observed 
probability of simultaneous occuronco, as also for sv/itchiii^^ ope- 
rations. During thunderstorm activity, v/ind gusts are less severe 

thaxi iii storms and the nifpcimum anisic- of sv/ing is assumed ■ to bo 

o 

30 • Switching surge flv'.shover, wliich is assumed to occur once in 
500 opej’P.tions at tiic 3<r’ -level postulated e.arlier, is taken to 
occur v/hon the raaxiiaum swing of insulator is 15 • Those' arc* pro- 
bability events and must bo ascertained on n ca.sc-by-casc study. 
Projects especially devotv-d te such study a.rc therefore of the 
utmost _importr.ncc, Reference 6* 

The practice in the USSR is not to alloy/ any swing when 
coxisidcring thd clcarrmcc required for s?/itching surges. This is 
based on the assumption th''t the probability of swing occuring 
simultaneously with maximum possible sv/itohing • surge is nil, 
(Reference 7) • 

2) The ratio of minimum air-gap length inside th’. t'X/cr v/ind o?/ to 
, the length of -insulator string is usually- 1 -from switching-surge 

consideration^ ■ ■ - > > 

Thcoo will form the bases for’ checking design adequacy for 
pov/or-frcqucncy and lightnixig vult..gos'* 
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All example of a 2 p»u« owiGor. t..i, , aur e 


,u '/ k.V l.liie 


i r 




will be (liGcuysecl* With i. ii iJti 

thio is !\ valid value* The preaeduiv I'ov 'lb,.*' v.,.Lb-.; ruii 

other vultr;gca arc similar* Frem proVL^-ue o? ic;!.’ m au it hf r; 

been observed (see Ir.blc II) tii.'it thi. re'i’ii.t'ed e ciur raiice 


to tower is 3*63 metres* With an iasul; U v it^ii, 'ta 1 


1 


i) 


ix// aig , 


the v/idth of tov/cr windov/ is k:(;;*(ii+L sit; IpO) v/h;,i . tli , dei-l;'. Is 
(1+3 *63)* Drawing-: n circle fvr the v/i.ici'W, therw r.s'uf.:: ; {UC3 + 




Is 


LsiJi 15 ) -■= 1+3.63 givin^^ l.i7.525 m (24*7 it). Th'. ;j;.,e • 

7- .525+3 .63=11 .155 m (36.6 ft). The .-ctu-l t./.a,:- w <; .ul-. in. 
of aiy shape provided it ncconmod.' t^s these oie r, luien • A 
of 7.525m for the insulator v/ill nocomr:odn‘:o ni'C» 1 4’< diaos and 
hardware • 


From data available of iiisulatcr rlnuhoY';!' t. at:., ; or a i .u* 
switching surge of 1224 kV on the 750-kV linn, the i'»- .'m i.rsu~ 
Istor length based on dry flashover In 4 .’im (14 ft) with. '*'6 
discs. Allowing 40^ more for wet flaohover, the i «,bt'l.bt«r length 
can be increased to 6 metres and 36 diecs. hnher dry cord it met! 
the ratio of insulator len^jth to the ininimuni striki; dwtair-'O is 
4.3/3*63 = 1 .185 v/hile the final value iu 6/3*63 .. luib* Tiris /'ives 
the distance from the bottom of the top cfuso-tirin to the Lower 

brace of the tovwir wiA*uow to be 5.63 m, while the strib.o d istrsnee 
to the side is still kept at 3.63 m at maxiir.'.ea owiun oT 15°. With 
6mi length for ixisulator and 15 ^ sv/ing uiiowud } the olearnnoe from 
the rest position of insulator to the slue is 3*63M] u ui Is^.b.km 

and the tower width will be a minifiium of 1o.4m. Tiiuo, tho Swriao- 
ntal and vertical distances of tho tov/er wi^idow aro n(..iriy e jual 
(10.4m,. 9.63m). Conditions will bo dilTeront if a double 
string is employed for the centre phase in tho window* 

In practice, a leakage distance of 2*^5 to 2.54 ora/kV (0.9-. 
1.0 in/k?), r.m.s. line-to-rground voltage, is used for power fre- 
quency, Eeference 8. An average 5-3/4”x10*^diao gives a leakage 
distance of 31 *8 om (12*5 in) so that the 36-dioc string has a 
leakage .distance of 1.1 45m (37*5 ft) givijig 2 44 cm/kV. ( 750 / /f x 
450 = 0.96 in/kY = 2 44 cm/kY) . 
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Noy/, consiclt.r a QY/in;j of 60° • The CPO yoltr-igo for a rod~plane 
gap 90 llz is taken to be 632 creot, which gives a with- 

stand voltage for the conductor-tower gap (withcr=3%j K=1 •Sy and 
V^O “ ^ *3x632/1 *15) The required gap for a 

voltage of Gl2,4 kV Ci'eat at 30iiz will then be given as 
d = {6l2.4x:i .15/1 .3x632)*^/*‘^'^^ = 0.83lra. However, at 60° swing 
and 6rfl. lon^ith of insulator in a 5 *2m half -w hid ow, the clearance 

is sero since 6 sin 60^=5 *2* Therefore, uncior the assumptions 
peotulated , the tov/or YvindovY has to bo VYidened to a minimum of 
5.2+0*831=6*031 metres from the rest position of Inaulc^tor to the 
sides givii'ii' a horizontal width of 12. 1m (39*7 ft) while rctainhig 
a depth of 9.63m (31*6 ft). Tiiis permits a maximum svYing of 23*6° 
of the 6-m insulator string while still retaining 3 *63m clearance 
required for svYitching Surge condition. 

Por ll;';htning, allovYing a..swi.ng of 30°, the resulting strike 
distance is 6*03-6 sin 30° 3 *03311 (1o ft).- The CPO under lightning 

for a rod -plane /;ap is taken to bo Vj^Q-'jOOd., Corrcspondini'.; withstand 
voltage J \^lth /'ap I'actor of 1.3 find *13> for the 3 •03-m gap 

is (630x3 *03/1 *15) -- 1713 k7 . This is 2 .£ p.u.' which is consi- 

dered as adequate. Dillard aixl FUlcman, Rcfm'once 9, find a GPO 
voltage of about 1730 kV cru^t xur a 1 0-foot strike distance inside 
the tovYer windovY wiiich gives a withstand voli;;;ge of 2.5 p*u* based 
on 3<r-dovYn,C^ =3% of CFO und 1 p.u. - 612*4- kV, crest* Their obser- 
vations for a 1100-k? tavur yield cT" =1/^ for dry flashovor and 
= 574d, kV. 

iXLowing 30° awing of tho 6-foot insulator for SY/itohiug- 
surge condition and increasijti^;; the tOYYer widtli YYill ras-okc the 
design still safer for lightning* With<*^ =i1?5, the withstand vol- 
tage is also higher for tho same gap length* Their p'.u* light- 
ning surge allowed is 1 *% p*u*. 

The above discussions raise aaany quostimis for VYhich satisfa- 
ctory answers must be provided by G2h*v* laboratories and investi- 
gators under Indian coieditioiis, sinoo the extremely IsJ®* niumbsr 
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of variables involved arc local tu Uie line 
strengthens the need to treat c n)' line Ucj 


c:iv i roil':!'*’! t; , Th.i.s 
t,M on it:.: O', /a iforits. 


VI* 


VIEIATIOW OF CRITICAL FRONT _ T IJffl , 
GAP IHHCTH FOR ROD-PLAi^jil 


CFO Atlh QmjJ IK ’.Y * 


i, I i 


It has 'been mention .d .in the ui r,a. t. uw vr--.xlrunt 

tii'flo at which the mixiiraum CFO under pooU, ivu a./ > ica occurs 

will vary with the gap length tov ail olcciroac :;uuiie’.r xn . For 
rod--planc gaps, from best availablo a;.la r.-Mr* uU uv-.r Ua. world 
upto25 m gaps, Reference 10, this author U- n J'urr.'aal., a th-. fwiiow« 
wing relations for the snliont propurtioa oi dj?Os 


a) Time-to-orost at Miniflium CFOt 

t^c = 43*65 d^ *0215^ ^ (with d in raetivu) 
gP.pc from 3 to 15 metres, the bo.et fit occin'ing 


, I't, aj. plica fur , 
betW(.en 4 and 13 m* 


This range in gap lensjth covers thu ro^ui.i’ertcn ta I 'n* nvn.tchiag 
surge ma^iitudes considered in Soctioii II i’-.-t n Aih' UV lino between 
2*4 to 5 .p.u., and for 750 kV line between 1 .H to 5.0 p.u. over- 


vcltages • 


b) Klnimum CFO: 

^50m = (555~l5d)d, kV crest. 


c) Averr^igo Grad ient r.t I.linlm'uri CFC ; 

Be^=Vc,.wyd = 355 - 1 5 d, kV/m, ervOt, !t mhiht bo oi' uome 
bOm 50iir . , ,0*6 

interest to compare these values v/ith Paris’s fuinula i 


(a I Uk 

, ■ 4 

6 

y 

IO 

12 

( 355-1 5d)d,kV 

1180 

1590 

1 BBO 

. 2050 

2 I 0 O 

5Q0d^'^, kV 

1149 

1465 

I 74 I. 

iBBO 

2221 


The discrepenoy is bcliirvod to be due bo the fact that Paris 
used the same wave-froa time for the positive swltohin^i sui’go for 

■ all gap lengths upto 8m which had the timings 120/4000 )is. then 
eo^ucting such tests it is evident that a switohing oui'ge gonoro- 
tor capable of delivering a variable waveshape must be ©vpiilable 
in an e.h.v. laboratory* Tho gap length determined on the basis 
of = 500 will bo slightly longer*. 
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VII VARIATION OF 3IAfiI)Arj} DEV HAT rO'MMS WITTISTAID VOLTAGE 


In prcv!.i;us nccti'nnj bhc :,'t."'j.irr'rcl dovi.it.Lon in flfiahovcr 

i 

voltncc wr;B liniiorinly t.' bcCG:^^^ ol G?0 for nil yap lengths, 

voltage v/nvesimpeo (pov/cr rrcquency, l^ightniug, and x->oc;itivc swit- 
ching surge), i'.Jtd nLI .j.'i' ge-..'3aeij‘ie:j ( r- 'd-plnue , Ov/nductor-to-tev/or, 
and c.'.iiductor-ccnductur) • Experimchts performed nil 0Vv..r the world 
sho’w this to be .nut tiio case. The results arc so err.-tic about b: is 
quantity th;...t is is iiuposs i.ble to take a single value f./rcr , as 
oonciadi,.d by V/atanabe, Ref ^renco 11 . The proposed >Sv/cdish 800 kV 
system w 3 dosign>wd 011 tiic basis oi‘<r =if/o and using Paris’s i'ormuias 


Heferenoe b • In viv.w of lack of agreement on th.is topic, ''the IEEE 
hfS recommended f value Rcferejicc IO* Tiie British 

0oluj:.ibin Power Authority in Oananda has tested bOO~kV tow^r inou- 


lat-Lon .'ii'id founder =:6 to B*6/o of CEO in v/ct G e S b S 


nu 


fo - under dry 


tests for the to\/cr-v/iiidow g.-qi, Refo'iuacc 8. Recent tests c -ndu- 

cted on l200-kV tov/er insulctivn by join US-TJSSR efforts have 

yielded 4r values betv/ben 3 and 1 of CEO, Reference 12* 

The second ctssimipti.n jardc O'rlier was that the v/ithstand voltage 

is 3 ir lower than V^^, the critical or 305^ probability of flashovcr 

voltage# Thio figarc h'-s been .'’CCopttd nearly all over the world, 

' »* 

•?/ith same exceptions v/lio pro.?' or 2<3r' le-,;or than V^^, giving a larger 
probability of flaohcver s.liicc bhc gap length based -m (V^Q-2fir) is 
nov/ smnll'T . 


VIII. MET"/fOMC TRAIIOIENT STUDIES 

The 8cc(-nd item tv- be ascertoined with confidence is the 
expected maximum sv/ itching -surge riiagaitu:le for a. given system on a 
probability basis. So much has been dune on this topic Jt;nd is 
still being carried out that it is imposBible to givo the expected 
values fur phase-to-neutral ond phase-to-phaso sv/itching surges on 
a universal basis. This is a caso-by-caso study. 

Aippendix I gives a summary of a typical TIA study corrivd out 
on a 500 kV/230 k¥ system as reported in Eof eroac©,. I3 • This indi*- 
cates, exhaustive studies ns the need for design. Appendix I docs 
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not: give the cxpcGtc<3 ph’‘'wO’-t<’"*ph:'.uo Vv LV v/j:;* y ft : cli ^ 

inaxiraum of 3.34 p.u. in studio.'i reportud t-y WU;;o‘. li* Hnffjrrjnce I 4 , 
Several studies conducted under • .r.i’.cor’ s gn iefr-U'^o uri i..A’s have 
been reported to the C.H*I.r» arvl clne'dicr-o , j<m" ■'•fi:; lo-l/, 

Evaluation of phase -to-phnso uwlUhn 'u'-ijur -o iua i is 
gaining increasing importance in vlcv/ oP Mic !';.nt i;. f. : ur '/oit- 
ages of 500 kV and higher, the rope i'ud chainc t, W co i.: line 

construction are being considered v/horc phaou condu'; arc supp- 
orted by insixLetor strings from each other whiic t.ac tu.vt;r airuct*- 
urco are removed to the sides, liercrcnaoa 


IX. OOilOLUSIOHS 

1. A. eystoitetic metnod for synthosir,inp. ail lu'ail Pic i for 

ostiiflatii-ig aii'-“ga.p cleai’ancus of o.h.v. iiuc^ i »••... o,jL<„fi, aid 
their limitations discussed. 


2. Oonductor-to-tower, coaductor-to-gromid , aid -uciductor-fcu-con- 
ductor clearance for a 400--kV pood 75fMEV..liao are worked out 
according to Paris's formulas and corap iii*cd with others v/horo 
necessary. 


Equations derived by tho autlcor for (a) var i -it; ifj.i of nrltlcnl 
wave-front tine rt mintam flashnvor (h) tlie mini- 

mum value of 30% or criticol flaohover voltccc, and (r) t;io 
average voltage gradient at the minimum C?0 with gj:p len^:th for 
a rod-plane gap are given, and they are conpar'^d with the v/ork 
of others for CPO using constant wave-front time for all gap 
lengths #. 


4,. The paper discusses the need for carry 11 - 4 ^ out inoulittion tests 
on towers on a case-by-case basis in order to determine the 
values of all controlling parameters required to detoimine even 
a preliminary design which can be tested in an e.h»v. labora- 
tory for design adequacy and for evolvliig the final design. 
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5 *' 01«arancew designed on the basis of sv/itching -surge requirements 
are checked for adequacy under pov^er-frequoncy and lightning 
voltages, and in one example of a 750-kV line it is shown that 
. insulation clearaiice at tov/er designed entirely for switching 
surge may not be adequate for other types of voltages ♦ 

6 « Atmospheriq correction factors are not dealt with in the paper* 
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SWITGHPjg SURGE OALCU'LATM OH LIlTBS • 

Insulation design of e.h*v. lin«?B is based primarily on 
clearances req.uired to withstand switching -surge overvoltages 
caused when a sinusoidal source with practically inf init©. .short- 
circuit capability is switched to energize a line. Conditions 
are very severe during re-energization when trapped charge from 
a previous de-enorgizat ion operation is hold by the line capaci- 
tance « 

Before analyzing the transmission network hy roathomatical 
models^ (usually using tho digital computer) it may be informative 
to nngineors to provide an idea of the per unit values of over- 
voltages caused by switching operations. ’ Tho most severe over- 
voltage conditions occur when ro-onorgiz Ing opon-ondod transmi- 
ssion lines, but an analysis of moat types of terminal conditions 
of a system must be carried out for possible resonance conditions. 
Table I is a summary of Switch ing-«urge voltages reported on a 500 
kV/250kY system with an auto transformer, with or without .tertiary 
windings. These values were obtained by the authors of that paper 
on one particular system and do not apply universally. Bach 
system must bo studied on a caso-by-caso basis. 

' The analysis in this chapter begins with singlo-phaso circ- 
uits and then will indicate tbo procedure for extending to ^“PtiasQ 
circuits. Bvon for l-phaso analysis, it is simplest to oommonco 
>rith a lumpod-param''t^r circuit and then odsorve the changes .nece- 
ssary to deal tfith a distributed-parametor transmission line. An 
actual system will consist of combinations" of lumped parameters 
•(such as generator series inductance,' transformer leakage induc- 
tance, shunt reactors, etc) and distributed-parameter lines . This 
is the chief difficulty in analyzing switching surge problems. 

At the outset it is siade clear that there ex-ist a very large 
number of methods for '^alysis* The more ’ Mport ant ones are given 
here which are Ca)vthe method of Iiaplaco Transformsj (b) the me- 
thod of Fonrier Transforms**, The former leads to (i) travolllng-wavo 
method, and (ii) staading'**wav© method. 
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It "is emphasized at the outeet that the Iriterested reader 
should derive all equations on his/her own. 




Single- 




Idoas involved In analyzing and uadurstaudjing tte behaviour 
of voltage at the open end of ,a long line with dlstribat* d para- 
meters when switohrd by a step or 8inusoid»il voltage input can 
bo very easily iliustrntt.d by considering a s'rl^s R-L-C circuit 
with lumped parametoro. fho circuit is etown in Figure 1* 


¥o assume that the capacitor 
is initially charged to a voltage 
and no current exists in the 
circuit prior to closing the switch 
S. The problem is to dotormino the 



current and the voltage across tho capacitor m functlnna of 
tlmo t. 


a?ho Laplace Transforms of the quantities arc j 

gamp, E(s) « I/S for etcp,-y^ (S cos ^ 

for an input' of o(t)=B cos (wt + $f). ^ 


w ttin (^f) 


The angle ^ donotos the point on tho wnvo at tho instant of 
switching from tho peak voiuo of the sinusoidffl wavo of froqu ncy 
f = w/2ii. 



s R 1(8), 1(8) a# Laplaco Transform of' current. 

s ©j, * L • ^(S) « Lg 1 ( 0 ), with no initial 
current* ^ 

* ®C ® ® ^ ^o] “c0* * 
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. Y 8 B(s)-7^ 

and V^(s) = I(s) + ^ 


Y. 


I/O •s-[-s+-a^)+w^3 


2 1 «'*S 


O 


(a) Stop .Rospoaso' ;■ Tho iaterso "ferangforci with B(s)=B/S gives 


V^{t) -(B-7^)^ [1+0 


-at 




27rr 


■+w 


o 


w^/a- 

0' 




: (w.t 9 1} + Y^ 


where tan 9 ^^ 

This O'-cprosslon applies whoa R < 2 JJj/O , giving an oscillatory 
coaditSon. As a check wo ohs'arvo that at t = 0, the- exp rasa 3ha 
reduce? to Y^ and at t =s a? , it is E, the step input. 


Bor the very important and worst case,, when = -E 

V^(t) := 2B — sin'',(w„t - 9 j ■ + B- ■ 

WqV'LC ° ® ' 

for ^ory lightly - damped circuit , a « w^ 'and 9 o^^^ 90 °. 
. V^(t) = B [ 1 - 2 cos t]. ■ 


f 



This, jrpachOB a loaxiinum of nonrly 3® when w^t = 180*^, i.o. 
ono half-cyclo lator based op the natural frequency f^ = w^/ 27 c. 
When tho trappcid charge is zero, i.e. Vq= 0> the maximum is 2 B. 

Therefore it should be ov’dont that the capacitor must be 
dosignod with nn insulation level of 3 p.u. in oTdor to, take caro 
of its Initial voltngo being equal and opposite to the input stop. 
This is a caoc which p{ir.'J.lols thw volt; fsgo-.at-^ the open ond of 
a lino when switched by a sinusoidal source at its peak value 
while the lino holds a trapped voltage. 


In switching,;traasmissijjn ilinos, thO; voltage is'hlgh when' 
series resist^anoo ‘la not used in the circuit beakers^' A' resist an co 
switching scheme brings tho voltage to not more than 2 p.u. Thus, 
it is important to note the effect of varying R on thq eppaoitor 
voltage^^ln this slpple circuit ' also*'-: -kqi^alAyf-- in ■transmiss ion ’ 
linos,' tho value of resistance used la a littlo''..over ..the.i aurge- 

impe'danco of tho ‘line, i.o*. Rstv^lTc*- la this circuit, let 
R a 2 fhjo which is the or. it ial ■"damping case giving w^ * 0. for 
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B-V * 

tho stop input, V^(a) = S (3 + al^ a 

and the in\ jrse transform is V^(t) =s (B-V'Q)f1"*o (Hat)] + , 

For the case when *= -E, " B-2B o“®^Cl+nt) • By dllforouti- 

at ing with respect to t^ the maximum occurs when t 0* Thcroforo 
the capacitor voltage will not cxcood the initial v^lt '.vo. At 
t = OD , its voltogo iB equal to the stop* 


I*/ 


i^) S Inuso Idal Exo itat icn : 

% 

Ihe rospousos are ' . 

Current 

®m (irt + cp + S’ ,) V ^ ^ 

” 4 » • V 

+ (wl - -^) ^ 

eliKp+ 2 ow ooBf) »Q» oo« 

i .9^ 1 . PI 


S 

~J& 

^. 2„2 

L 




cos f 


^ dm v 2 

+ aw(|^ + w^) sin <p 3 

1 


JL»» *m mIj 

W9 


where a » ^ ^ oc^, tan 


The oapaott^r voltage le. .»«h ten « *„/«. 


cos (wt + (p + 4^>) 


v^> - "-T-p — : — 

'Vq * (wh 


+ « 

'/"TKe 

to’ ® 


cos (w^t 


9 ,’ 


. B cos <p* e 


-at 




[¥^(W^- 008 W^t -'df 

*1 


Bln w^t] 




sin w^t] 
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II* S ingle -Bb&ge Line Energized by Source : Open-ended 

1 ) Ro traT 3 ped charge, no series inmGdance 

Let X = o .*?t thr open ■■•’no. and ' 

z=L at the sourer end for the Ijno J ^^ 0) 'j(c) 

of length L. Thnn it is cl.rar that at b(^s^ 
x=o, tho current is zero, and at x=L, ' 
the voltage is E(s). ’ ~ 

Lho different ial equations for the 
lino arc ; 

dir(x,o)/dx = z(s) . I(x,s), and 

d I(x,o)/dx = y(s) = y(s) * YiXfB") , where z(3) = f + Is aiid y(s)=cg, 
which are called the Impedance and admittance operators pdr^ unit 
length- The quantities r,l,c aro tho series rosistance, induct- 
ance, and shunt capacitance of the line to ground per unit length* 
!?e have omitted the shunt conductance g per unit length, hut in 
a general analysis, this also can be included when tho effect of 
corona losses havo to he taken into account. Let p^ = z(s) .y(e) . 

The voltago and current arc functions of both x and s, tho 
L-transform operator, lor oasc in writing, wo will omit x and s in 
tho brackets* 

Tho grtn ral solutions can bo assumed to be V = A e^^+B o“^^, 
and I Cp/z) (A o?'- - B o"^^) . The quantity' (z/p) = fzjf = . 

which is ths surgo-impo dance of tho line, p is tho propagation 
constant por unit length* They arc both in operational form. 

The quantities A and B are not functions of x but possiblo funo*- 
toons of s. 

By using tho boundsiry conditions, we obtain 

V(x,s) ss B(s). oosh px/cosh pL 
and I(x,s) s BCs)* sinh px/Z^* cosh pL. 

In paartioular, at the open end, ss B(s)/cosh pL . 





( Tr^.iTell ing~wavc •SolutioiL 

A travel! ing'-wav© la described throa^h a voloc Uy of propa- 
gation., and an attenuation fact^'r. Thcao 'iro obtaiof. d ao folloMs* 
Tbe propagation, factor can bo writttiH as 

p2 ^ (^ 1 ^) cs = lc(o^+(r/l)o) •' V-fn-rr/'-D^-r^/a*^] 

If resiafeancG is very low, wo can write thin appro xltnatoly 
SiQ p^Jlc (g + a) = s /v + a , whoro v ^ velocity of prop»igatioa 
and a attenuation factor per unit Itngtb* Note that a s: r/a? s 

T/2Z^f where tho surge impedance is » Iv ss i/cv ». VTTo* Ihose 
oxpresoions arc valid only if the resist ance is negligible and 
uor low attenuation. 

iiow, 7^ = B(sT/cosh pL = 2BC8 )/(o^^ + o*^^) . 

Ihis can bo written in a series expansion form 

-= 2 B(a), + t.) laftoitr 

=, 2 Il<8) [8-°^. 0®^/'' - 0-5*^. + ]. 

Lot 0 *"^^ bo denoted as « attenuation of voltagi. or current 
when t: a, vailing over ono line length L, ana L/v a T, the time 
taken -*0 travel over ono lino ? ongth# Then, 

V^(a) = 2 B(a) [A^. - A^. o®-3T + ^o»5T ^ 

« 

Tho invorsQ transform of B(e). o has tho snmo shape ao tho 
inverse transform of i‘(s) but its appearance at any point is delay- 
ed in i imo by (kT). 

(i) §l£R3.QamMS, 

* 

Let us consider the conditions at tho open ©nd of lino when 
the input is a step of height 1. Then, tho following scquonco of 
events will take place# 

At t«T, tho step arrivr'S at tho open ond with an amplitude 
after having travollcd over a distanoo L# It is accompaniod 
by a current wave. At tho opon end, tho current will bo aoro so 
that tho current will have to be roflootod negatively # This ii 
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a ■backward-tra-uolliag wavo from the open ©nci to the source. The 
voltage reflects positively and the open-end voltage doubles to 

24,1 which is the inverse transform of the first term in ? (&) • 

0 ^ '0 

The reflected volfcago wave, arrives at the source after a 

time T with an amplitude B, nnd since the source voltage is 
constant;, this will be fco tally reflricted back into the line 
negatively. At t = 3T, this voltage ( B) arrives at the open 
end with an. amplitddo (-is^ B) which doubl< s and reflects back. 

The voltage at tho open and at t = 31 is then 2 B(Aq-A^)=2EAq(1-J;,2^ . 

. Tho roflactious and voltage doubling keep on repeating 
indcf iiiitoly until roducod to negligible v'auc for tho n~th 
roflaction to ignore "f ’Art her values . ' 


The sequence of events can be kept track on a lattice diagram 
called the Bewley Lattice Diagram, and the time variation can bo 
plotted oasily. This is shown irx Figure 3 . 



Several important properties may be noted from those ovonts . 


1) The highest voltage for which, Itoe insulation at .the open Qq.d 
must be designed is 2 AqS when trapped charge is absent. In 
transmission lines, the value of A^ is about 0*5 'depending 

upon line and ground resistance and lino length . 2B* 

2) Whoa trapped charge is present, (max) practice tho 

maximum value is abput 2.8B. We may note' that 'i his value waB 

___pbtained for the lumps d*-paramotor single -frequency R-L~0 series 
• circuit also . \ ' ' ■ d ■ . 

4 • ' ‘ < 
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3) , The per iodic -time of the voltp^o vr%vo ia 41* It thrroforo 

appears that the phonomcaon ifl taking place an if It haa the 
frequency f = l/4T « v/4L. This h':s gro”t Ijnportanoe when 
calculating the line pnran.etcro wlth'*groand return. The ground- 
return resistance and iiiductance sxtu f r<‘.quency-diip’ ud'fut ao 
that th' frequ.-ncy to he usr d for ''veluating thoni dop"nds on 
the length of line being switched. The following frequ-ucine 
for lino lengths from 100 Km to 800 Km apply, bao u on Idgltfc 
■velocity. 

L = 100 200 300 400 600 800, Km 

f = 750 37 5 250 187*5 1 25 9 4, Hz. 

When ground-roturn inductance is noglect...ii, this in Vf-did. But 
usually the velocity is 83% light velocity in practice. 

4) The time during which the maximum vnlt:*w5c will be prooent is 21. 

For a *'300 -Kin line, this is 2 ms or 2000 pa. Th^ wave front is 

very sbsop, practically vertical, for a stop# We c'ln now appre- 

• ciate that a switching-sarge waveform of 250 jis/2500 po is very 

. nearly approachc.'d daring these o^ ’ratlons although the actual 
waveform will depend on many factors. 

5) As a -mat hematic fd” exorcise, tho final v«-duo of opon-ond voltage 
' will bo 

?^(oo) « 2BrA^-^+A^ ) « 2B A^^/C 1+A^ )• 

and not B. T-hie is bt'cause of tho approximation made in tho value 
ofp* ' 

I ' * 

For s 0.9, ?^(aD).« (t.8/i*8l) B « 99*5% B. 

Fo r Aq = 0 .8 , 00 ) ss ( 1 *6 / 1 .6 4) E « 97 *5% B • 

ii) 

Tho principle's given for the step response can bo easily 
extended when the source is sinusoidal and le switched on tc? tho 
open-ondod lino, for prollmlaary dls'ouss'ioa, considor the souroo 
voltage to be switchod on to tho lino whoa it has a peak value# 
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Its fequatioa is 8(t) = ccts wt. If it is' switched at any other 
point on the wave, we will have tp .take e(t) = cos (wt + 9) 
where 9 = the angle after the peak at tho instant of switching. 

For now, 1< t 9=0. The soquonoc of events will now he as follows: 

1) At t=T, the voltage reaching tho open end is cos w.^) . A. 

2) This doubles up giving = 2A Bjj^(cob w?o) . 

3) Tho reflected wave, is A o which will roach the source whose 

internal impt’daiico is taken to bo zQro,0}horGfore, the reflected 
? 

vrave is -A" This will reach th- open .ond at t = 3T with 

value - A^ Bj^» In addition, the source will send the voltage 
(wx2T) which has tho value at tho open end of A B^^ cos 

(wx2T) . 

4) Bollowing tho procedure, it is then easy to write the sequence 
of voltages received at the open end at various times. 

t_-= ^ Zk\ 

t = 2y ; M 2k \ cos wT 

t 3y s S 2A cos (wx2T) ~ A^. 

: Y^ =r 2A \ cos (wx3!P) - A^ Y^ 

J V5 * 2A cos (WX4®) - A^ Y^ 


! 



Th-^ figure shows the resulting open~end voltage for a 4OO kV 
line of lizsWO Kra with tho following line parameters : 

'inoLuding ground return, 1.^ ss 

0, =f.X%F-.juZo =i(JlJ(.^e<L=IiH/ZZj,, A = o-‘^- q. f (f-iT 

If tho polnt-on-tho wave switching is to ho included, wo 
would only add 9 In tho 00s ino term* 
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( b) StQ,nding--^ave Solatioa • 

■m.. Laplacc-Tranoform of ^pcu-'-ua vultfi/T- hr 

Y^{r) = B(s)/cosh pL vith =. (r + In) cn, vhtn =0. 

Ill the trr.vcllixig~¥avo mothod, rwi ■ wae mauc to n.'.p-r-.to p 

axito fui attonuatinn term add n tim^ -shift t..rnu lu th r th.5U of 
staaditig wave-s, the invr'rsc transferal’ is ovalunt'id ulnctly by tbo 
method of rtisidaos. This yit.dus an inflnibo namo- r of fr* q-ivucy 
terms just as the travelling-wave gave ati ixifinlt. .jur.brr 

of roflsction terms* 

( i-) Step Input : For this case, 

V Ca) -• ^ , ».»> , 

0 '“'' “ a cosh pL 

The first step is to find the location of ttv. pol *’3 nt which tbo 
denominator bocomos zero* It is oaoy to oo*/ that a simple polo 
exists at 8 =s 0* The residue at this polra is 

Vq{o) s Y^ia) . s. 0®'*’ 


Tho second term in the dcnomin'.tor is cash pL which will become 

zero whenever pL = ±3{a+1)| , with w* Thus, wo have 

an infinite number of poles* In such a ease, the residue is evat- 
lutatod by tho equation 


pt* 

Mow,., when pL = ±j(2n+1)| , p%^ * -(2a+i) n ^/4 

or (r+ls) os ** ,-(2n+,1)^ n^/4*. ■ 

This is a quadratic ©quat'idn ih- s' hh# ttoO'tsliiba of a arc found 
from , ’ . . 

Ac s^ 4 re- 8 -f* {2n+f)^/ft/4 •, q;'' 




.St 


8 


i'fcosh ds' 


coshij^ia)^ 


SaaO 




step 
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■which yields s = -a+j whore n = r/21 and w^ = ( 2n-+l) 

The term a _is thc' attonuatinn factor and is' the- natural radian 
frequency. The first natural frc. qucncy is with n=o, (v=1/VTc), 


" 4L\[TS /' “ ~ 

when a is negligible, ’ 

Thin can bo seen to carrospond to the travelling wave case. 
The residues at each pole can be evaluated now. 


Row, 



»osh p3u =(sinh pL) 


L. 


dp 

ds • 


(a) with pL = 3(2n+1)|, slhh pL = J sin (2n+l)| = 


(b) L 


dp L 
cis 2 


2lcs + re 
Jir+lsica 



SiCJLr2±lw I+rS. 


But 21c a =s re . 


cosh pL 


■ 3 (- 1 ) 


n 


j la 


pL-ji 2ri+1) 


n; 


3( 2n+1) 


2 

Xl ¥^XC 


This gives the rfsiduc at any polo B=~a+3w to be „ 


V^(n+ ) 


B 


cosh pL 


n 

, (-0° E o~^*. 

3( -a-i- jWj 2 _) • 1 Wj^ Ic 


Ssr-a+jw, 


n 


g fil !!!:, ! 2 a +.X)jL., . 


3V 


21*" Ic w, 


n 




Similarly, at s = -a«jw , which is tho eomplbx ebnjugato of SE-a-f'^w , 

JLiw 

tho residue will bo equal tc tho complex conjugate of tho rosiduo 
\ (n+ ) . 
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. ’ . V ( H-) 

0 


Thc' -sum 


„^v 

o 


2L^ Ic 3 


•3V 


w, 


n 


3 ^ 


? 2 


■iv^ c'y 


+ a Bill Wj^t) 


== 'V - ■?)'*“ ' -*^- 

The cornplotc stop response is the. suit <:£ all r.'’sie.a- o, which will 
bo firtally 

CK) jQl, 

V (t)=S[l- (~1) uLS^'*'])^ ° Mm if,- oro 

n=o ^ '■^■■'n" 

Bach of the terne in the 'S. si^^n belongs tc one natural frequency 
Its coefficient can be simplificci further ii' we note 

Xa XX /''"■'"'“X-I"" '‘'"""qI' 

that V a'^tw^ = ( 2n+l ) %/ 21 s/lc * 

VQ(t)iE[1 - S iiriL-£»p|-S co0(w^t - (pjj) ] • 

Usso li # 1 c • j 


■ ( ii) Sine -wave Incut : e(t) = cos (wt + (p) 

The proeedure for this case^ follows the same stops, but now a 
pair of poles exist at s *=, tdw corresponding to tho appli'-d forc- 
ing fanotion instead of at s=o as for the stop input. The algebra 
is lengthy .but straight forward and tho^ final result turns out 
to be as follows; 

Let J = -w^ Ic 1^ and K * w r c 

p, = [i (/j^+K^hJ)]^ , 9, = [1 

a = -r/21, Wjjp|C2ktl) ^ ir®/4L^ lo - 
m = cosh P.J. cds , n s sinh p.^# sin q.^ , tan y> an/a 
.. pg * a +w -w^. 
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3}laen, ^^(t) goo (v/t+0- 


B„ £ j ?f Vp2-2^^)“® V 

H-¥.s incp.(p2 cos ■Wj^t - 
2a Wj^ siQ w^t) ] 


It- consists of a st>jady~st.nto response term, and transient response 
terms which decay with the time constant x = 1/a r= 21/r. 


Ill ksihoi? 

Ihis method appli'd to propagation of lightning and switching 
surge rosponso of diatributod-paramoter linos when in combination 
with lumped parameter circuit elements is of recent origin. The 
lumped parameters are series imp'' d'vncc of source, shunt reactors, 
sori^s rosistaificos used in circuit breakers, lo<ads, subst-tion 
transfown*" rs etc. 


Wo will illuotr''to the met nod for obtaining th: voltage at 
the open end of a lino, fhis was derived as V^Cs) = B(s)/cosh pL, 
where p is a function of the distributed line parameters r,l,g,c- 
In the Fourier-Transform Method wo write S=a+jw. Then, 


^^(a+jw) = B(a+3w) ./cosh Lj\r+l{ei-^ 2^) ]■ ^ g+c(a+3w)j 

1) Step Res po nse .; Hr re, B( a+ jw) B/o ^ B/(a+3w). cosh pL can ho 
expanded and written as M+3^. Then, Y^=B/ 1 (a+jw) (M+3N)| = 1/ 


^(aM-wJS[) + 3( aN+wM) j . This is seporatod into 
;j“^art, Q. P = B (aM~wi^)/I/, Qs:-B( aS+wM) /D, 


its real port p and ^ 
whore* D=:( aM-wH) ^+( ai'f+wM) 


Finally, the time response is calculated from the Inverse 
Fourier Transform using either P or Q: 

« at 

vjt) = F-’[v (R.+dw)] = c (S- o^s Wt) lOf- aw. 

/ (-Q. slii wtu 


where cTj is ofaied thr 'al«ma factor'' which helps to the ooaver 
gonoo of the Integral. Ihc totogral to evaluated numerically 
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according to th?' following proc-’. dure* 

a) The lipitB for jntegratiou arc to and w,|., liiBtcad 

of 0 and CO . 


b) Th'..’ sigma factor is written - J’hi ( fiw/w^) /{ tw/w^.) • 

c) A trapczoidnl rule can be used by cvalu- t ing the ;rdin^toQ at 

w and (w+Aw) by selecting a ouitabl*- Incrcrn at Aw ii* fro-iuonoyi 
Thoti th--’ ititC'gr.^Tl can be written as thr sum, vj-ith n (Wjj.-Wj|^)/n.w, 

e,a)= 2-|_ ^ [p(„^). o„o Wi,t.(r(v,^) - o»> 

Jfc 1 

where = Wj_ at k--l. 

d) Th'd integration or summfejon dcpcaj^c .n th. V'du' of th< expo- 

nviit ja. This ir^post n Vf ry s*- rioun r oitrict 3 nn? ruid a very Ini^o 
number trialvS mur.t be made bef .Tt th I'inaL ca leu f”r the 
v.aluo of a is dccid-"'d upon. Onf rule in ta c-'or^ nco with tho 

valuc}(a T|.)= 4, where; T^ is th final v-'in-; of time uptii which 

calculations am, of iritv-rrot. For , ii' T,. -v 20 mo (l cycle 

.time on 50 Hz basin) a 4/20x10*" .!■ 2f)0. iti sore casos, .. 

the calculation may proceed in st’i-.a ' b an-i uilfitr'nt v'dur of 
§1 may be aelr-ctea. for ex.a. pic, if T^ in to be 40 ms, a value 
of 200 during the first 20 nn of the c'd-cul'd 1 n be usvsd 
and then a vaLuc of 100 for tho next 20 mo. 


&) The integral also depends on the final value of w. Again, the 
choice is based on trial arid error. One rule is that w^. should 
be, greater than the reciprocal of the fastest rise tim*’ of tho 
voltage involved in tho problem. The stop is tho worst voltage 

for this method and any value of W|. that yields thn proper res- 
ponse for a simple ^>roblom will, give adoquato results for all 
other typss of oxcitatioa.' 


The values of M ^d M can bo worked out to bo ns follows : 

M = [i ( N«[|- ( where ( r+la) (g+oa) 


and E=L 




CW + (g40s)lwj 
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2) SlrusWavo' Bxcitntioa 

Por this c^iac, c(t') =i cos (w^t + 9), whoro •w^=314 for f=50 

and !p=^gl‘ on th.’.' wave at bh» inob'int oi swatcTaing from the posi- 
tive peak, fhon, with s a+jw, and B(s)=Bj^[cos 9.0 - w^. sin 9]/ 
(s^+w^) , ' , 

Y^Ca+jw) r. E^[co 8 9.(a-*-3w) - w^, sin 9]/[ ^ ( a+ jw) +v(|lf+p) ] 

This can bo split into the r^ al part, P, and J -part, Q, and the: 
pr'-vioUvS procedure follow'.'d for ov^Jluating tho inverse Pouri-r 
Transform giviiig Y^Ct). 

An example of switchjng a 400-kV lino from Pohar Powor Station 
to tho Panipat Rocciving Station of tho iMorthern Regional Electri- 
city Board is given in th<. figure for sinusoidal cxcito.tion when cp=-.o . 


Plieaoe see the next page • 

,i “ "1 


Anoth('r oxnmpl.. is work; d -^ut when th>’ far and of the lino is 
tormijaated in a l'',rg tr'-nsfor H'T or a roce.iving station which can 
ho replaced by a cembiaation ■■'f c-ipacitanco and .a parailol .branch 
connisting of an inuuctnnco afici rosistanco. 

IV £HREE-PHASg SfS.TBMS I ■ ' ' 

Tho above mothods considered only a single — phase system. 

Tho oxtonsion to 3-phasos can bo carried out by first splitting 
tho mutually -Interacting systems into 3 ■' rout ually-in dependent 
sys-|;oms by diagonal iz at ion procodurrs outl ino-d. in-.a previous cha- 
pt.'r by ueiiig thb'' trarisfo'rmation matrix [T], and its inverse fT]”^. 
Tho, writing is very lengthy and is not given hero. 






♦ d’.u'X'- j 'T-i'^ibMi 

^p.,:-:^,»-rtv — — — 

'^, ** i ! If ff* 1 , 

^ I'^i ^ 

u.vrir:'::^^ -K'v 

t||>i>iitiwii»' ,w iiii» ^ ^^ ay » #tiiii)ijiiM,, 4 IT -niiii>i»iiin»j»njimni 


a r /u r 
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■ CnAilACTERIS'flCS Qj^ hOuQ AIR G-APS 

1 • n^v-nes g)f Electrode Geometries Used In 3HV Ljjcies 

In e.h.v. transmission systems, ail external insulation is 
air (and in recent years . Air f^aps have reached lengths upto 
20 metres axid will coubiuuo to hicrcase. In this chapter we will 
consider the insulation properties of only long air gaps. 

The breakdown and withstand voltages of airgaps is controlled 

by the geometry of olfctrodes which have to be insulated by the 
gap* The electric field distribution in all cases is non-uniform. 
The fi#;uro shows some ol^'ctrodos* 


2. Tvp^s of Voltages in EEV Linos 

The ,^bove gaps are sub j'.-ctr*ci to sevi'ral typos of volt-5.gc wave- 
shapes* Thf breakdown and withstand voltages have to bo ascertained 
for ?ill those waveshapes* They arot (a) Power Fro-quoncy AC; (b) 

DC (+ and -) ; (c) Lightning impulses ( + ,~) ; ( d) Switching Surges 

( + f ~) • » 

In both indoor and outdoor h.v. labs, i.^xpf riments at great 
expense have boon fxnd arc being conductod, and along with these, 
theoretical models for breakdown art- also bf.'ing ovolvo'd. Once 
those m'' chnnlnrr'', ar-' theoretically unciorstood, it will reduce the 
expense involved in setting up large-scale experiments, as well as 
help in prop"’r design of <* vp -rimf" nta •-»nd interpretation of the 
results. 

3* teakd own. Chmract.e.ristics. 


Tho following cmpiricjil r<'lntions between the 50% flashovor 
voltage vfilus and the gap length arc nearly valid for design pur- 
poses. They are based mostly on the work of Paris of Italy, Leroy 
and Gallct of 1* .do F., Watonabc and Udo of Japan, and Feser of 
Switzerland (-now In W* Germany) 
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.(•iii) W^oa leador-coronr has r'^achod a length of 4.5 to 5 m 
in a 7 m-gap, or about 65-10‘ff> longfeh, the influonce of tho 
leader on th(- piano cathode is so intense that there is a 
iump-phase whore th.; acceleration of thv 1 reader is high 
enough to bridge tho gap and sparkovor occurs. In a rod- 
rod gup, a ii»,ga;;jvu l^-iUer prop;^afc'. a frota tho negative rod 
also to nt'” ct th. posit ivo -loader. 

The following thoorot jc'^J. equatjons ar"'*' avail.able basi'^d on 
various assumptions for positive switching surges. 

!• Icmkr *s Mo del (d < lOm) 

Vg == 4b0 [1 + 1.33 In (d-Ln d) ] , kV. 

II* Waters' Model 

Vg ( 1 . 5 .x 10^ + 3-2 X 10*^ d)°‘^ - 350, k? 

Ill* Alexandrov's Mo(l».l (rr=0.9fn) 

Vg ■_ 1260 r (1 - r/d)^'^, tanh""’’ /l " - r/d , kV. 

All the- thri> modolo yi. Ij nciorly thr same v.aLuo for for d 

3 

upto lOni, while IT and III .agree upto 20 m. It is therefore sur- 
prising how widcly-d±l’l'or-''nt assumptions can load to dose results* 
Ihcy .also ''om; close to r xperi-^v nt al formulas quoted earlier. 

4 . . Positive Switching-Surge Fl-^hbovcr t Saturation Prohl-om ' 

Ihe positive switching surge flashover and vrithstand voltage 
characberist ics of long gaps are the most Importsuit and interest- 
ing because an air gap is weakest for this type of voltage wave- 
shape. The s.s. magnitude dctarmin^-s by and large the gap loii.gth 
required in .to war windows, ins ul'i,tor lengths, phase-to -phase 
cloaranco and conauctor-to -ground olearanoe. ' Tho problem is comp- 
licated since tho OPO voltage depends upon. 

(a) the wavefront time of th switching surge, and 

(b) tho prosoaoe of Insulators in tho tower window. 
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Therefore, no two libontc-ri 'U'r-, ; 
given gap length. From a v* ry I'.n'* nuri 
available, some important obnc:'**vat ii.i:'. -rf 
are as follows:' 


Oi. *. '*/( ' V :.l !• Ol a 

r « i •“'4' rMr-'.-i^ai results 

net hi '♦ Hi ;;c 


1. The CFO volt'ig.': of tower windiwn wit5. hna-t- r -stria -n inaiao 
varic'S with th" flwifcch3ny~sur':‘. wv fr.'ai t ir' . 


2. The CFO V''ltagc also v-'rjts with thi; p' f'*- M-a; ; .njv»v nii;u 
by th', porcelain with high r p»rmU*;5vlty th'-a -ir. 

5. Th. CFO vr'ltag', clopcnue on th r- t *•'' ai I-a-h ■; th rteet 
distanco in air b.'tW'Toa cvtuuot.'r vini t,- r t ih,.- h-rigth if the 
procolain Innalator. A ratio '•!. t- I 1"’ .la, ci. 

4. Th" first t ■jwor-wi.itiow iiinul-ti.'a ntr- u/'th w’-.a •■at".! I Inh* U by 
J.W. Xalb of the Ohio Br-’SB Co. of ‘I.c./t. an . r uwitrhi...' aurgtsi 
According t'"' hia »: xporimantal. flnuiu-’'o f t a ‘,<2 '''-kV t'WT with 
24 discs in the irjisulator string, mhilmum CKO luocurau at u wave- 
front time of 250 ps. 

5. Subsequent results obtaitu-d 1 ixjni mII ov r th' w>rl'.. I’t maijy 
volto^c lev.ls have yielded th wavefr-ait time far mialnum CFO 
rruiging from 55 to 500 ps « 


6. Since Kalb's experimonts, the at-unh'rU w*v. yh* pt i sr switching 
surge has b.-cn acerpted an 250/2500 pa f'^r lia' eqj ipm'^nt t«'*ating* 


7. This docs not nr.cosaarily mean that laHUiatiMi atructuri a t st-'d 
using the standard waveshape will yield the wornt o.s. strength* 
Bach airgap cloarnnco has t^' bo t.-otrd hidividu'dly with varying 
front tlm'-'S to ascertain ffljLnimum CFO* 

8. The widths of tower structur.s un. d lii exp< rimeats hav^ a c-aisi- 
derable offset on the CFO v.ltavc, as well as the Ivongth con- 
ductor used on either side of a tower mock-^p to mi. c*h*v» 
laboratory. This is because pre-breakdown phonomona dnpoaci on 
the proscnco of metallic prvrts near the. conductor. 

9. The CFO docs not tocn.aHO linearly with th gap length. A 0 '^ta- 
ratton phonomonon takes place [CFO varies as 3400/( J+8/d) ] . 
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10. If ^ trau, thori c.v.;n if d io iiicrc'^socl jjafiiiity, the 

mn-ximuni vi>lt'uc; thr fyn.p cnu nupport in 3400 kY crest. 

'll, Thio inipli''S bhet with a 1 .'3 p.u. switching surge, the crest 

va].uc of power-fr .queue y volt-d^c is about 2250 kV giving a liuo- 
to-linu velfc.v;c of 2230 2800 kV. With a factor of 

s.ol'ety of 1*25, this .gives a coiling velt.ag'; for ac transrais.s ion 
to be about 2240 kY. 

12. One of the objcctivfs of the ASBA-AEf 1500kY projsct is t 
establish the velidit/ of this assumption. 

13 . It therefore still remains to see wheth«rr thoorotical models 
can explain this. 

14 . This can bo compared to what happens unaor lightning voltar'os 
in nature* If there be such a thing as saturation phenomenon, 
voltag<*8 of tho order of 100 to 1000 MY observed in lightning 
might not be present in order to flashover air gaps from cloud 
to ground from 500 to 5000 metros. This is where Alexandrov’s 
model and other theories of breakdown under lightnirig voltages 

. can help to understand breakdown moclaanisms occuring under 
switching surges; 

5 • Oritioal Flashovor Voltafic^ Withstand Yoltage. and Statistical 
Cons ide rat ions . 

While all labor'^tori’ e V’port th-' 50f' fla.shovor voltag^'’, a 
designer is rt-ally interested in the withstand voltage- . This 
quantity is an ambiguous one. According to st.^tistical considera- 
tions, tho withstina value in reality gives probability of flashr* 
ovor of .2^ and not 0%» Thcr-forc, labc-ratorice must also pro- 
vide this information* It can bo ©bscrved that in order to detor- 
mine the voltage that will give: a flr.shovor of 1 in, 500, at least 
500 shots must bo given at each voltage lovol close to tho so- ’ ' 
called withstand volt ago* Some design-ors use a *1% probability of 
flashover which requires 1000‘sh:>ts to bo givon at volt'^goe close 
to this probability* 
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In ordf'r t'^ obvintf’ ouch c, pr''’C''->iUrc , thv oxp* ri^rni, ntol i 
uou th(' assuniptinn fchnt br' '‘tkcicwu pr’tnbiiiti o I'lii, ?w£3 n 
Gaussian distribut Jon with n ku. wn monn viiu • O 'loh^vc r volta- 

go) ari'* n o tnnd ’rd dovi'.tl'‘r: o' » Th n th withot‘u*u v>'lt'n7.',' is 35- 
below the OPO. 


In addition to thin pr-'babil it’/, othT r-’Ct jrn la d iilgn r^so 
roquirf' to bo inv<..stigat d 'ix a ntatintical boaht, capi dally 
motooi’nlogic'’! conditiTas. Ih- ac. glv^ ri:»o to oricill-t iou jf c^n- 
ductoro, r>.‘lativf' air density, raiJti f'lll r-ttvO, and th* ma;Mitucio 
of switching surges. Fr^m thono conn ^r'^t 1 ' uo It nh;aJiu be- cloar 
th',t a very large nunib'' r of experimrut'O. co.i«1t l. uo murit be varied 
in ordor to establish confiacnco hi den Igu pr^u, dur-n. It h-\s been 
recognized, however, th-’t a flash'-vor to oxt' nr'l lanui-t 1 ni ia aot 
catastrophic to th? systenu Ito oc verity in thi n "Ui'*' ao a 1 agio 

lino t'l ground fault or a phnso-phano fault* 


6 . Parians Work and Gap Fact~>rs 

After a great deal of experir'ental work, hr. Paris of the INBl 
and CSSI in Italy fomulat^d his great theory which hrsB fomn'd the 
basis for line designs ixi Europe. According to hlrr, th© following 
results are observed. 

1) the OPO of any gap geometry varies as 

2) For two gap lexigths for the swo cl’ ctrouo g or!i'''try , 

Vi/Vg srCd^/cig)®* ^ 

3) For the same gap lengths in two dlll'aront clcctrodo goomntrics, 

. with one of thorn taken as rod-pl'uic gap, 

=* K, called th^ gap factor* 

Horn, all voltages aro the 50% flnshovcr voltogoa. 

. f 

For ‘example,' « 500 and « 687.5 
^ K for rod-rod gnp is 687*5/500 s 1-375. 
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4 ) Por tho more commoia oli.cbrodc /geometries used, the following 


table gives th-- gap ro,cbors 

Rod-pl;mr> £ 1 : 1 .0 

Rod-rod 1.375 

Conduct ''r tc errec arm end 1*55 

Rod-tower abructure 1.05 

Gonductor-plcae 1.15 

Conductor-window ' 1,2 

_ Conductor bo atructuro 1 .3 


Iho valuf-s of K given above apply when there are no insula- 
tors present In a tower window. Since the height, of insulat^i- 

in i-lHtSo:. to tV. air-«o,p strike distance d can vzvj In issir.ns 
used at differonfc pl'^ces in the world, the EIIV-UHT Project oi U.S*A. 
initiated a very worthwhile sot of experiments. Their finding is 
that the exponent is nob 0.6 bub clore to 0.75 for a H^/d ratio of 

1 * 

She steps to be followed in line designs based on Paris 'vS for- 
mulas wj^l be the following; 

( i) _ Prom network transient sbudirn (ucjing phyaicaL modelling on a 
T11A or mathematical mouellixig on a Pigit.nl Computer) ascertain 
expected maximum value 02 per-unit switching surge on tho 
system studied. Lot this be ?„„ • Por example, suggested . 
levels are 2*5 p.u. bo 1.5 p.u. for transmission levels of 
345 kf to 1150 kV., [1 p.u. = crost value of line -to -ground 
power-frequency volt.nge at maximum oper.atHig voltagoa of 362 k? 
to 1200 kV, ♦ I line-to-llnel • 

( ii) Asauma a suitable value ef the stando-rd doviation cT , This 
ia usually taken to be 5% or 8 ?:- of OPO » 


(iii) Assume withstand voltage to be V^q( 1 -*3 cr') • 



This should equal 


(iv) The OPO is then 7^^ « ‘ 

(v) This must equal Paris’s vaLu© of 500 k 
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(vi) Tho r^^quir'd T.±r gap cloarnact.’ 3a 

d = Cv^p/SOOK)’/®-^ =rv,,,,Ai-'5<r) .'jOOKl’''”-'’ 

Wo may remark hero that the IB3B sugye ;• ‘■•n cr” . V; whii; the 
1*1.0. suggests O''-:: ol’ the CKO voit-'g" 

( ”711)0)100 the liiic-to-towor clear .acf in c'doul'-t - thr 'Ugh suitable 
gap factor K., tho liac~to-i3u: clc ’iranci- in t' k n to b. 1,74 
and th'‘ minimum c 5 uuuctor~t‘,’. gi^'anU clenr'’nci in {4»‘5+1.4d). 

Ixamplo: A 400'-’kV 1 iac (420 kV maximum) ban n naximun switching 
surge of 2*5 p.u. when resistor nwltchiug la ani-i. and trapp'i’. charge 
Is neglected. Assaumc to bo ?<r' b». low Vj-q wither 5/ 

Allow a further 5'/' to cov^r dif le re ncoa botwi'x’.a I-Mior* t)r:/ and field 
c.oaditicna and t.ako 

\ °-^y’ ''50- 

Design the cloaranco botwocn conuuotor and t'^wer anil hotwiom phasoe* 
Take a factor of saf-,ty of 1.2. 

Solut ion : , 1 p.u. croat re It'-g^' = 420 V^2/V'5 543 k?* 

. Switching sura* cr-'”t v-”-! a ■ . 2x2.5x‘543'-1029 k¥. 

0 

E= 1.2 from the table for coaoiucter t t'<wer wiuU-'W* 



Lino-to-llno cloaranco is typic^illy 5.35x1*7 - 5.7 rr. 

Lino-to -ground cloarfaicc is a minimum of 4*3+1 .4x3.33 iS. 9m. 

[Note i Tho UPSHB conductor-tower oloarruicc is nearly 132” ~ 11* 
= 3.3 Metres, and phnse-spacing is 1 tm. Tho ninimun 
■ clearance to ground at mid span is 9 m.]* 
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-mE£,„ OPTICS lU GOFiMiaCATIONS 

After completirv’; extensive field trials in several countries, 
Fibre optic comn^unicot ions systems have started enterin/s; comnior- 

* , « ' , , ^ < ■*“ Ilf 

cial services. In the next f '/oars the numtor of n'''w services 
will bocoino impressive*. . World fibVo soles, arc stated to ho pre- 
sently about jl 120 million pr r yf nr, and that arc expected to rise 
to 1500 million by 1990. Field trlols of various new applications 
are in prof^rccs at pr-’oent. Alee r'-soarch and developmc'nt efforts 
are on to find bettor and moTo economic materials, optical fibres, 
optical sourccfsf and detectors, and fibre compon'="nts . On the other 
hand, a'nplicationn in a variety of comrunientions , control and 
mcasuremont eysfcemo ar-'' ^oin.f' inv'"stlr;atod4 ‘ 

Tho ma;jor advo.nta/tcs of fibre optics arc : availability of 
.very larf^o bandv;idth, immunity to cloctroma^notlc induction and 
r.f . interi'oroncosf absence of ground Ippps, les^ .volume and weight, 
good mechanical strength and abundance of raw materials. Theso 
virtuos have made fibre optics very attractive for civilian as jfoll 
as military uses (both tactical and s-^ratcgic) . . Tpday_;t,ho case 
for fibre optics r* sbs not only on its high reliability,, and band- 

^ ' X 

width capability under noisy oloctromagnot io conditions, buf also 
on price. , , .... ’ . ^ 

Optical fibres today have oxcollont transmission proportios. 

The economical multimode gradod-indox fibres are available with 
losses of 1 to 3 dB/Km according to the light wavelength. Whearoas 
single mode fibres have a loss of less than 1 dB/km permitting a' 
^spacing of 20to between repeaters at a bit rate of 565 Mbps* In 
such a case, approximately 16 TV programs or some 8000 tplepbono 
calls can be transmitted simultaneously. The wavelength regions 
of interest are tho 0.8K)*9 pm short wavelength* region has readily 
available reliable' sources (LBDp and Baser 'd-iodos) and e 3 :cGllGnt 

f I ' • 

detectors# Operating close to, 1*3 pw, two properties of. the. fused 
sil.ica fibre permit much longer dist«^nces (repoaterless) and .higher 
data rates- First, 'the fibre loss is .greatly reduced; and, speond, 
pulse spreading (owing to material disporsion) becomes zbro, At 
longer irttvSlsngth of 1*55. pm .the ^fibro lo8.s bfeeproos’ e.vpn .smallor|. 

*and 1*3-1-55 long wavelength ranges. The short wavelength 
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but material dispersion in non~r.oro. In 'i Heil L^tfc exnurlwont, 
signal' has bo.eji. transrf'ittcd ov. r a unrop’'at:tJr'’U dintauco of 119 itj 
at 1550 nm with a transmission rato of 420 Kbro. rhe bit error 
rate achieved, was 10~^* HowovcTi rt^li'^bl" nonre* n r>nfi low noiss 
•detectors are still not readily available in V.m wrivolcngth 

region. 

The most impertnnt fibre fnbtioritiou m- fchodn la curruit use 
for the communi'eatious field arc variants of two; outnido vapour 
phase oxidation (OVD) and inniu- varour r)h^mr- oxidation ( JVD) . 

Using I?D methpd high qu'ility atngic-moig flbn. of 20 to leniJth 
and using OVD method high quality single rr-oua an woll an multimodB 
fibres of 40-50 km length havo boon reported to bo produced in 
research laboratories. Aslo a minimum nttrnuation figure of 0.16(SB/ 
km for a single mode fibre at 1550 nm has boon rroortodt Ecsoaroh- 
ors fool that using GoOg-SiOg glass system sm^Ulor Iohsob ennnot be 
obtained. So attention has turned to otSw r glass nystoms, both 
©xidos and nonoxid'£s and predictions have boan mrtdo of much lower 
lossoa. Por example, for' fluoride glasses, osooc lally those based 
on ZrP., predicted losses approach 10 dB/km, and rapid progress 

fr ‘ M 

is' boiag mado towards those figures (1980 - more th-m 10 dB/km, 

1982 - about 30 dB/km). Very larg'^ ropoator snacinga greater than 
1000 km at 10*^ dB/km - is being visual izod uoing those fibres. 

The sources used in optical fibre networks aro Laser diodes and 
Light omitt:^g diodes (LSD). The somloonductor matorinl which emits 
light in tho short wavelength range (0*85/0.9 pm) is GaAlAs. A 
•laser diode usiiig this material is reported to havo an extrapolated 
life of more than 10^ hours. LBDe and Laser diodes commonly used 
in this region are CW double hotoros true turn (DH) surl'aco and edge 
omitting typos. Tho typical light output. for a LBD is 100p¥ and 
Laser diode is ’5-6 mf, with 8pQct|?al widths of 40nin and I am, 
respectively. A suitablo semioonduetpr roatorial for usd In the long 
wavelength .region is the quartomary alloy, In GaAs?. LBDa using 
this alloy are ©ffloieat, fast, ’and very rslinblo. The quartomar^ 
•viewer diodes are .still .not as , rellablo,- a^ttkjugh aarrowstripe ' . 
burled •hetero-et^oture (BH) lasers are rejjo-rtod to" bo highly reli*^'-: 

-V ' 1. ' - ' * 
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alDlc, thair monn tiJiiG to fadlurn (MTTi') ?,t room tOBiporaturo could be 
expected to oxcood 10^ bourn o Ilowovor, cortaia problems still, 
remain with 3II lanors over lou']'; period, of time. These -include 

the occur-aco ol rapid do.^rn.ci it ion after Ion, a term stable operation. 


‘Silicon photo dcto-cbors ar- a natur-l. choice in the 0.85-0. 9pm 
rnnpie ha’vin.v: typical imaximum rosponsipity in oxcoos of 0.6A/¥ 

occurring: just ‘ibopo 900 nm. Ilpwovor,. Qc photo detectors ha,vo to 


bo- used .at 1.5 |J.m wav' lorw’ith roftion wlthi-a iTnilicantly incroasod 
dark current. Both Pin as well as Avalancho Photo Bio do (API) detec- 
tors are used la fibre optics, tho choice depends upon the repoa- 
torloss len.yth. V/her-as silicon APD in a commercially avo.ilablo 
detector with oxcollent photodotector propart i.''S, germamium APBs 

have high oxcoso noise iatroduco-d by avlniicho go, in. Yory soasitlvc 

ir^ 

InGaAs PIN photo doc tors h'‘’vc also boon demonstrated offering .a PonvO’- 
ibility oi a common materiel technology for both omitting and roco- 
iving dovicoB at long wavGlon.,"ths. , . • 

Pibre optic components like ‘connoctors , attenuators, dir^ctida: 
aal couplers, splittt«rs, mult iploxors, domul'-itplexors, otc. having 
very good properties arc commorcially ravallable, but, further dovd~ 
lopmont to reduc© th' ir costs is accessary. Similarly, splicing 
tools ohpuld bo mado more oconomic'il. 


Considerable in^provomont in tho spico requiroments , reliability 
and cost of components for optical communication systems is possible 
if tho individual optic'*!., optooloatronic , and electronic components, 
can bo combined to form i.itcgratcd optical clevicos. Among other 
things, they may sonw- d.ay help to make full 'use of tho l)andwidth of 
the optical fibre. 


Availability of very large banuwidth has made applica'tion o£', 
optical fibre in tolncommunicat ions highly attractive, but, this 

/« m , 

also makes it possible to uso optical fibres for a xrido bandwidth 
robust modulation technique, like spread-s poet rum modulation (SSM) 
and multiplexing for special applications, like data nat^works, otc. 
Wavelength doi.visjk«i multiplexing (WDM) is another now technique 
having coneidorablo attention in fibre optics due to its ‘gfoal?’ ' ' 
potGntial3lty. 
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Applications part icul ^.rl y ouitcu to rib- .<pt. ion, excluding 
telecommunications, includes prncosn c'tntrrd, rcf'uto '•''.uit'''ring, 
eCT?, CATV, data process isi/T, "liWld ^.'nd mult Itth'tarn 1 
lacement, mixed speech and dab'* nynt'r. ’ (I0iJt':)i 1 'O-'l -’.r*- ' n*ttwork8 
(LM) , railway sign.alinf:, pqwor nynten’ '•p’-d io t i 


, etc 


0PTIC;ju 

Throo types of fibr'"B s ( 1 ) Stcp-Iao -x ( I-bilfc in -i..c) 

(2) Gr'aiod-lnti. k 

(■ 5 ) Sinnle ?4odc 


I 


n^ssn^ ( 1-6) 


whore 



^xmSL.m ! (i) aiU£4 iG00^/l>^0^ dow^u 


-.-r 0.01 te O.u? 

core, OiOp or CiOp/BgO^clnd) 


Refractive index : Coro (n^) =s 1*469 Clnddinp: (sipje 1*492 
Diameter ; Cdro = 50 pm Cladding » 55-60 pm oat^ r dl'» « 


/"" ' g ' '■y 

Max* theoretical M = 0*22, NA ss Jn^ - « Bin ^Innx '^1 "* 

Modal dispersion «s 57 n soc/km (Thoorctic^l) Pr?'ctic-d « 


125 pm 
13° 

^ x57) 


(ii) Elat Ic clad ail lea ( mul t Itno do step index) 

« 1.452 ^2 a 1*405 Coro dia « 150 pm Cladding din » 230 pm 

Max. if. A. = 0.37 (Theoretical) <p^ » 22 outer dia 230 pm 
Modal dispersion « 165.0 ns/ki»^ (Theoretical) Pr'»ct icel :J 30 


Multimode Graded Index : GaO^/P^Oe doped core 
(.850 pm)’ ^ S10| ot SiOg/BgOj cl%d 

a* 1*475 core dia *= 50 pm Ug =* 1 *452 cladding din « 55 pm 
outer dia «= 125 pm 

Hax. K.A.^= 0.26^(morotlo-0.) j 

Modal dispersion <0*5 ns/km ( oxperimontal) 

tlftite, J 0s02 doped core SIJO2 cladding 

n^ as 1.462 ’ ,co3?e dia » 3*3* pm n2 «« 1*452 cladding dia «■ 45 p® 
outer dia « 125 pm 

Max. ir.A. » 0*17 (theoretical) « 10® Modal 4 is per® ton « 0 
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The rol'ition bctwcfon c rr: •'Uf.i. cl'’.lc’ j a." rof r^.ctivo indioos for a 
stCTr-indcx I'jbrr' in (1 - 6 ) where 6 << 1 , ' 

typicMlly^ 6=.~~^ — ... o.01 to 0 . 02 . 

1 

Per the /’:r'»u 'cl-intU'x Jlihv'-n, th.. core h.‘,n n, (•^raiioa in elf x 
which uoahl.ly d 'cre •■n'*n' r-'dihlly from maxipium value n. at the 
centre of the core accort.inr to the law n = n.j(1-a y^) whore 
a is a constant fini',1' la the .linfeoiico from axis. ..A p-^rticulo.r "^nd 
popular core in tho parabolic f^raclation; 

n = n^ [1 - (-^) Y^], 0 i.Y ^ a 
‘ a ■ • • ' . . ; • 

In the 3 inrlo-movie fibre, th':’ core radius a is very sm-ill . 

(a a; 2 - 5 p-m) which enables prop'^^ation of a siOi^le mode only. 

Ih:; number of modfs of pro pan: o.t ion in an opticrol fibre is by 

W = 0.5 ( )2 ^ 

wherre d s: 2 a iD the dlamotor of the core, and JCTA = (n^ - '^2^ *■ 

Thus, for a /^ivan combiint ion of ref met ive”’' 'indices, as the diaEiotor 
of the* core is ro'^acod, fewer mouos •nropn^vatc. When cvontually, 
the ciinpii-'tcr becomeo of the same order of mo^nitudo as the, wave *- 
Icn^^th of li^ht, then only a ainmlo nv'd.-' wlil propan:ate. 

The r . m *8 . w i d t h n f th. - in- pul no r ' s po nn o for a s t r p- in do x 

fibre is pronorti jn'il to 6, wh(‘rO''S for the .yr'adc d- index fibre it 

2 

is proport lend to 6 • ' - 



(Ray Theory) 


Wo consid'-.r the tep-infox fibre, 
n^ > i?rom Snells ’ law 

'^m nw 


n.j sin 9^ 
cos 6^ 


n.2 sin cp2 
rig oos 02 


Eo real anglo ©g ©deists if n^ cos 0.| > n2 

.Jor this ino^uality .to hole!, thc-ro will not be any rofraetdd ray 
^ in th© cladding mgicn* For the rays to bo conf in'-'d ‘to the cord 
region the angle 0^ roust not exceed the critical incident anglo 
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whore cos 


/J.SO sin 0^ 


s in 0^ ' 


Assuming n 
sin 0, 


0 


s in 0^ 


Let 0^^ = when 0^ = 0 j_q . Xh-'r 'f -r.,' , sin 0 ^ 

f 


2 


~ 

n„ 


n^ ^ 1 - cos*" s n^ . / 1 


0 r s in 6_. 
; m 


J 's - 


a, n la 0 


Ic 


This means that a cone of light inclaant '.>n fibre '-lith c-nicnL 
semianglo less than 0^^ will b*.' occootini 'wal nr -trig-it ■*; thraugh the 
fibre. Sin 0„ is the mcaBure of the light gath-Ttng 0»wcr of tho 
fibre and is known in opti cs as th^ i:un'f. rical Aportaiat (iUn.)» Thus 

' NA s Ja^ ~ r| 


Xhis indicates that tho maximum light accortaacc nugl'^ of tho fibre 
is indopendont of its ph/oical dim'^nsinis, anti can bo u'mlo lurgo. 
Secondly, tho fibro cress -sect ion can bo made. om‘*ll t' incrc*”.8© 

flexibility. 

It is to be noted that totf\l intoHial rofl cti-:ui 4s a noG 9 Ssarj 
but not a sufficient cenditioa for prepagati' u of light rays In 
optical waveguides. At each point of reflection tho ray undergoes 
a phase change. It is those phaar shifts which ir.iposo an additinnal 
ooc^traint. Xheir evaluation bcoomos nocosoary to satisfy the 
condition that onticol paths (phase dillhronco) betwcon two normal 
pianos for parallel rays should diff'^r by an integer multiple of 
2w. XhiB condition can be applied to tho roy anaorg>ing multiple 
reflections in an optic-tl waveguide • 

It can bo soon from the figuro th-'t tho wavofr-jnto are also 
©q.uiphase jilaaes. For the two pays 1 and 2, points A and 0 npo oft 
an eq.uiphaso plane while points B and D ar© on another'oquiphasb 
plane. Mow when the two rays travel from on© ©qalphaao piano to 
the other, their path difforonce (iaoluiding th© phfiii© shifts in W 
2 due to pefleotions at 0 and B) should ho latogcr awltiplo of 2«. 
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Lp.t the Toh'^.so ohnXfco Uun t't rftfloctiDps nt C and D be 9 (sane phase 
shilt afc h/th inborl’ac e as the refractive iiiaicos o± the two .media 
are the eamc' at both C auu ii),..aa,d to owproas variou.o distoiicoc. in 
terms of u and ©.j , we have 

AB=BC COG 

= (Ct'’- BP) con a, 

__d. 




( 


t',.,n a, “ '■ 


.2 


(carj^' e, - nin^' e.) 


cl 


V 0 in e 


s. 


1 


and 


CJD 


oia'-'Q 


Q 
O ^ 


' . , * 

■'.no chanr;c; tiuo to onl/ path difference io^ ( S2""S^J k, 
'P'Wd'’ ti’''n C'onnt'ait in free .space (k ,= 3B =5 , 


Therefore, ehai 

where k is prop'.,. , 

Thus, 1;ho 'cq.uipMaoo C'Mditi‘?u ca.n bo expressed an 

(Sg - S^) k + 2 9 - 2 i'Jii 


whore iJ io an intCjE>;orf Honco, 'only rayn at discrete 'ualofjs of 
angle 9.j satinfyiiig the above equation can propapiata. ■ Those 
discrete vilu'-o of 6^ correspond to the vari'^us waveguide mo cion.'' ' 

t T 

■Two types hf ra/s exist in optical' fibres ; ’ 

( i) moridionol rays ' ' ' 

and ( ii) skew rays . — 


MorSodional rays confine to a single (Bicridioual) pl^no and pass 
thru* guide axis. Skew rays do not confinG__to a single plane and 
do not pass thru* the guide axis. 

It can bt easily shown that the path length of fho meridionof ray 
is p (6'^) =s L 0nc . 1 ■ 

whore L is the axial length of the guide. The p'^th length and 

therefore, the transit time of a ray is a function of the angle 

of the ray* This difforcutial delay botw^nn the , permitted modes 

reduces the Infortimtlon capacity of the guide. The nunibor of* 

reflections of a moridion’il ray can br shown' to- bo , 

Ii tan ©. 

Jl\ ' 1 ... 
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Tho numbi r of rofloctioan ployr; irwirt lat 
is associated with some Ions. Tho nufuf-r "i 
If.-ngth is a 


!>■ Tt 'o . ■,ch r.^tlftctioa 

ri'I'l-Tt i"*in p,jr UiUt 


S.,teM Em,,: 

Goasidcr i’i^. 1.3(a) which oh'’W*i a tyr^ical nk.fv.* ra/ AXT. Here 
X and Y arc the two reflect i a poiatn '-t th'' ctro ''an t!v:> cladding 
interface. XO is normal to the rcfl'-ctine nurl'ace at tho point X 
and is the angle of refl''Ct i’-n th^ ray rak m withth>* nartwj. XC* 
YP is pcrponclicalar from { tii th” crann-noct i-ainl plan* containing 
XC. YP is therefore parallel to th' axis and P like T als ^ lies 
on the interface, ijiiglc y in called the aaimuthal 'trirl'' f.ir the 
ray. /ingle ^ the angle botwenn the ray and the rtjficctltig sur- 
face is callr'd ‘ internal axial angle. Those angt.-n, y and 

arc maintained for a particular ray through oaccossivo reflec- 
tions* 


Pigs* 1*3 (b) and (c) give the utfivrent views oi the relevant 
angles in detail. It can be nan th-'t the axiglon y nn<X p ftro in 
perpendicular planes. Plano YPW is perpend iculor to plan© WXP, ns 
PW is perpendicular to XG, thnrefore, triangle XWY la a right ang- 
led triangle. Therefore, 


cos 




XI 

XY 


XI 

XP 



cos Y, cos p 


“ “8 7 sin e, as p . I - e, 


S In ©4 as 




1 * COS Y ^ *^1 

We know for total internal reflection 


( 1 ) 


cos &■ 


or 


s in 


cos 


1 


9 ] 




< (1 




« « « « « 


( 2 ) 
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Using o<l. ( 1) , wo Yi-'vc 

ni Bin — 

Applying Sncai'n law 

n a in 6 , < ~ 

0 0 C J 


— ( - nj) ^ 


( n? - 4) 2 


If n^ is unity aau is th“ r;n:r3mr)i v’lur of the -ingles 0^ 
the niaxipuni accopt ’.uc*' aualc, then' 

1 

Sin 0j^ “ Q,;j3 ' y' “ ■‘^2^ 


sin e 

01 * B in ©jy^ •«.• ( 3 } 

whf'rc is the nnxlJT'uni acc'optaacc -xiiglo for rioridionril rays OvS 
discussed oarli''’r. 

Ihus wo sc.' that skew rays con accoptocl at wider angles 
than tho nioridi,)nal rays. For y “ 0, i.o./'for thc^maxin\ut»'' v-iluo. 
of COB Y (iinity) ^ tho ray bo*cor'i'~s a Dicridional ray, /io y varies 
from 0 to , the rays tend to travel moro alolig tho surfaco. 

At Y =5 , the ray tra.vcis along tho surfaco.^ For any angle 

thvoro is a rango lor which the skew rays arc accoptfd. It .is 
interesting to no to that for any numerical aporturo., ©j^ can ho • 
oq'ual to 90 ^ for Y sa “ ©j^, I 3 an examnlo, lot ©^^^ = 30°. Thoro- 
foro, Ih.. = 0.5* Then for y = 90° 6 =s 6'0°, we got © = 90°^. 

0 1 , O 

Hence, thoro will bo a cono -of light of' somi-conical "angle of 30', 
followed by a dark band and thon a ring of light duo to skew rays 
the width of which depends upon angle y* Thus ©j^ depends upb n” y ' 
and tho refractive ifuliccs, and there oxis't;© an angle y for which 

ray at any Is aoooptcd. ‘ 

The unit path length tor a skew »ay is 
„ =s see e. ® i„ 

0 1 m . . 

♦ • 

where, 1^^^ is tho unit p-'^th length of a* meridional ray, Tho number 

of reflections (n.) per unit length for a skew ray work out to bo, 

tan ©^ 

n*» a 

s a cos Y 


cos Y 
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Thus the 

OV''T the 

jjaf initc 


numbor of rc.-fluct ions hiorf-nso incano ol' sb. !ik.-w 
meridional rays. 1£ y ^ , thu nur;b..r rofl^ctloao 
^ivinf^ a true holic'’!. p'’th "1 ■ixf'. the ia'S'-o rJ acc . 


Is 


At tenuat i'Hi ., Mochaniam : 

The rnechanlBms for lino \r lonoes are: 

(a) material absorption 

(b) material scattering 

(c) mode coupling: to the radio, fcioa field 
_(d) radiation due to beads, and 

(e) leaky modes. 


Mat e rial abo so rot io n ; Many ;>:lass compositions wonld show negligible 
material absorption in the wavelength roglotm of Interna t if no 
foreign elements v/ere present. Howevor, tr'^con of tranaltion metal 
or hydroxyl ions have a profound efioct. Both the glims tyro and 
the state of oxidation of these irimritios inllu<aco tho absorption. 

HaJtegXlal, J.aat,,.tgxto ' : several lin''ar scattaring m-chfinlsms can be 

distinguished in most fibre waveguldos. The most fandamontal| 

Rayleigh scattering, is always present die to the inhomogeneit We, 

small in comparison to the guided wnvolongtb, which arc produced 

in the guide during glass melting and fibre drewing. Rayleigh 

a 

scattering can normally be idontified by its proportionality 

to ^ ^ and by its angular dopondunce proportional to ( t + cos ©)» 

When the iahomogeaeities are comparablo in fli7,o to the guided 
wavelength, Mia scattering can bo observed. 


Mode Coucl Ing Scatter : Variations in core diameter or core/claddiag 
refractive 'index difference along the’ length of a fibre waveguide 
can influence the transfer of power from on© mod© to another and 
hence to the radiation field. ' 

.tC.Jiiiidg.i ill dielectric guide©, other than those 

that are absolutely straight, will radiate* *' 
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Modes. : It has "been shown that, thore is a class of modes which 
aafd not comnlotoly f^uidod, . but will'''slo¥ly leak. These aiodos are 
in two classes both of which can be represented by highly skewed 
rays. ^ 

_i):i sror8.iQn in. Opti cal. Fibres ; 

3t optical fibres only certaan modes, each 
having its own volociby of propagation, are allowed which corros- 
pond to disorctly defined angles of incidonco of rays in the 
fibre. Owin/’’ to the range of different group velocities of these 
GPoited modes, there is a spread In the arrival thnes of power 
•:,.’ensroittr.d in the individual modes which results in a wider, 

':.opcrsv.d pulse at the output. This is known as intemiodal dis- 
.erson or group delay dispersion, and iti multimode fibres is tho 
^..Oominent dispersion mGchamiam. The delay dil'f o.rencQ between an 
■ axial ray and a ray incident at the maximum angle is given by 

= -V ^-loi 6 - • ■ "" 

/ . i 

Thus, for n^ s= 1.45 and S- = 8° ( corresponding to 6’ = 0.01), . . 

^ t =5 47 n see. /km* In prectier tho spread obtaiaed is less due 
to tft)do coupling botKcon higher and lower order modes and' higher 
order and' radiating modes. This r'^sultvS in less power througout. 

Intermodal dispersion may bo greatly reduced, however, without’ ■■ 

associated power losses or reduced launching efficiency by'* 

arranging for the ©nepgy trah^miftod in the higher order atodes ..Jta- - 

.tratel faster than tho lower order modes such that "the' increased 

velocity compensates tho longer distance traversed by the highosr ' 

order modes, to travel faster than the lovrer order modes. Sine® 

tho modal group velocity is an inverse function 'of refractive 

index, this may be achieved in pmctioe- by tho fabrication of, • 

fibres having a gradual doc^roase in refractive index from the . 

centre of tho coro to the ooro /cladding Interface, ■■ ■4;n-’a'^'’f'ib re 

having an optimiaed profile and small relative refractive index 

(6 « 1), neglecting other dispersive mechanisms, the maximum , 

delay difference per km* between fastest and Slowes’t mo,des 

' max . . 
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n <1^' 

H « V 

is ei'ven ror kr.'. 

Thus, for = 1*45 nnd 6 0.01, ck I-.; nrr -mI t:i (,.o6 na/km* 

Pr^cticol valU’'s aro .morr th^'U this* 


Ea, tGri.ol Dis.pr.rs^g :» Mat^Tial uinp, rn^ou h - ;i nh' aor'in-iiit 
fibr-"' Taandwidth-limit jiv' P’^'clvailnr' ••;}•» .* iut- rro-r-.l 'lir.-- rn Jon is 
nc^li^iblo. Material UiDP-rnloa, wliinh ia '-Inn k.u'v-a 'a wave 
loQpith clispfTS ion, arinen as a r‘'nii6 of tlu r- t'r ’.ct ■jv/’.- iiiaox 
variation of the fibn. with tho viavol»;nrt'’. oi thw a IjtTu'd nourco* 
Practical sources used in otitical fibre tr'*nr»:i i -c i<> . Oii^'itopn have 
a finite spf'ctrnZ linrwidth and nti'iC’j fch' flbrv ref fctivo index 
is different for diff ' rent frcqu-“ucy coritr>on- ntn of th< nourco 
there is a finite ran/rc of firoup volocltif'n which r- *'ulto in a spr- 
eading of a palso propagating in the llbrf^# Tho fiular spread (6t) 

lit 

duo to material dispernion is proportional to tho nocoad derivative 
of tho rofractivc index w.r.t. wavolcngth, 


For GaAlAs laser of line width 4 nm ermtrud at 900 urn, the matori'd 
dispersion is 0.^5 ns/km. For an mD this iii n acc/tou 

It has boon shown th^’t tho second derivative of n and honcQ the 
material dihperaion falls to zero at a wavolougth in tho region 1»2 
“ 1 *4 ii-m and then incro-’oes with wavolenirpth but with a change of 
sign (i.©., longer wavelengths arc delayed w.r.t . shorter wavelengths)* 


. „ • There is a third disporsivo m»^ch'*nism knowfl 

as waveguide dispersion. This arises as a mault of the > depon- 
donce of tho group velocity in each mode. Thin is obtained as 
about 6#6 p sec/nm. ion. Cnacollation cf waveguide dispersion with 
i^iaterial dispersion may take place a little above 1*3 pm when tha 
latter changes sign. 

Elfigtrp-Qpt ic Treinsducei^ - (Light Sourcos) 

Light Bmitting Diodes (LlD'o) 

Lader Diodes 

Gs-AlA® LBD*s fmit in the 0#85 p® to''0*9 ps* 'region 
GalnisF/lnP LBD*s emit, in the 1'.’25' pm to 1 #3 pm wgion* 

LBD*s are sim;^© ^to construct, extremely' e'asy to ifwdulate, and 
has well-*def iaed r^liabHity/degradatlon oharaoterlsticB# 
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LBD’a work by o-nont''in. ou:5 r'-.d Kit ion. 


LBD’n h-:.V€ lirir-ir ch rnctfr ant jc3, no p'oro ouitn-blo for annlog 
systomn . 

BED’S have or'dl^r llyhfc povrr output than' lasarn . 

BED’S arn jneoUnr' rifc nourcoS- npoctral v/idth is of the order of 
40 nnu 

BED’S can bf modalatrai dirc-ctly. 

Basers to be ao<'d for fibre optics must bn of 0¥ type. 

Bhey h^vo much hiP:hor output than BED’S. Baoers aro morn coheront 
sourcGS than BED’S - 1 to 4 nm spectral width. 


If a LED ia operntlna with a binary input, the li^ht output 
will be between zero and some maximum. 

In the case of laser, some spontaneous emission occurs at 
low currento where the device behaves ^ust like an BED. As the 
current is increased a threshold is reached', I^^^ beyond which 
lasing occurs. 


Ihe threshold current of lasers vary with temperature and 
time, and differs from time to time. This causes the ..operating 
point to vary if the drivo current is held constant. So some 
kind of feedback control is necessary to keep 1^^^ undercontrol . 
The above control system provict'^s reel bime ford'bn.ck at d.c. 
and low frequrnds, and moan poifor feouback at high froquoncics. 


Photo De toe tors • ( Onto-Blectric Transducers) 

Photo detectors used in fibre optics arc of two typos: 

PIH Photo detectors 
APD Photo detectors 

In the APD the electrical output signal from tho photodotoctor 
goes through multiplication within the devioo due to the avalanche 
process created toy the presence of high electric fields.^ 
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Hoiso at the output of the detectors appear iror 
sources : 

(a) PuadauTental (luantum no iso which is sintply shot noise Sn fch< 
photon current, In effect, it results frotn the r^nuor tlr’e- 
. of arrival of the photons. It has th^' is'portant prop.Tt;; 

A 

that it depends on the signal level. 

( h) Multiplication noise, or additional shot noise In multiplica- 
tion. This results from th'=' statistical nature of thr multi- 
plication process in photo multipliers. 

( c) Dark current or leakage current, incic pendent of illumination, 
that increases the above shot noise offoefcs. 

( d) Thormal no iso in the amplifi(''r- 

(e) Noise in the transmitted signal or goneratod in the trano- 
mission medium. 

Si - mostly used in tho 0.85 - 0.9 pm region 
Oe — used in the 1.3 - 1*55 pm region 

AID’S can have fast response - from vrell below 1 n. see. to n 
few n. sees. 

The receiver circuit must provide a steady rcverso bias 
voltage for the photodiode. 

For PIN r a bias voltage of 5 to '80 IT with extremely low current — 
. it is not critical. 

For. APD — A bias voltage of 100 to 400 V is needed — It Is ori** 
tical since the multiplication factor depends on this 
critically. 

A remedy to this is to bias tho APD with a d.c. constant 
current source. 





Oporat in," 
Voltago(-?) 


Moan Rpferonco 

cur-oont(a) 0/P Powrr" 
^ ( dBm) 
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X Window Fibre 

Coro Dia R.A. 
■( 


Bdgo Bni- 


tt ing 

1 .8 

0.15 

-14.0 

8,50 

LED Burrue 

1.6 

0.3 

1 

0 

• 

0^ 

900 

LED Burras 

1 .6 

o'. 3 

-7.0 

900 

LBJD Burrus 

1 .6 

0.3 

-5.2 

900 

IBB Surface 





omitt ing 

1 .6 

0.1 

-7.9 

820 


8 ^' 

63 

63 

63 


0.48 

0.48 

0.48 

0.48 


(250y (0.39) 


Xii.S<6i.Q.3Efiiiiii 


CajaAs 

DH 


Max. 

Typ ical 

T3rpical 

Typical 

X 

Spectral Rise 

Output 

Drive 

Throshold Forward 

(nm) 

Width Time 

Power 

(mW) 

Current 

(mA) 

current 

(mA) 

voltage 

at 

(ni-A) (pSGc) 

2'' 

185 

150 

1 .8 

860 

1 

1 

1 10 

80 

1 .8 

850 

2 

2.. 

) pm 

1 15 

90' 

2.0 

830 

2.5 100 


lfAs=0.2, Graded 
Index 

7 185 

( ln%o NA=s0.5) 


15P 


1 .85 850 


P.m : 

Area 

(mm^) 

Bias 

Yoltage 

(V) 

Sens it iv ity 
» (A/W) 

Dark 

Current 

(nA) 

Oapac i- 
■' tanco 
( PJ’) 


10 

0.3 

0.15 

1 

0.8 

45 

0.6/0.15 
(900) (1060) 

10 

2.5 

5 

45 

0.6/0.15 

30 

6 

50 

45 

0.6/0.15 

70 

■■ 35 

100 

45 

0.6/0.15 ■ 

300 

to 


Core m.A. 
Dia('p,m) 


190 


Typical Quan- 
SpePtral turn 
Response ' p(^) 
range ( nm) — . — 


0.48 


Rise Time=3/5 400-1400 83/17 
ns (900) (1060) (500/f 

(106 0 ) 

5/8 400-1100 83/17 
10/18 400-1100 83/17 
iO/22 400-1106 83/17 





igili. 


2 

Area(mm ) 

Bias 

7oltagG(V) 

Gain 

Sensitivity 

A/¥ 

Dirk 

Current 

C'^p. ai/.p 

ri 


0 . 5 , ; ■ 

.275-4257 ' 

120 " 

75/18' 

50 nA 

2 ?yT f,. 

n-1 100 

85/18 

0.2 

180-2507 

150 

65 

15 nk 

1 * 6 0 * 5 / 4 0 

U-1U)0 

60/ 

7 

275-425 

75 

45/25 

10 nA 

10 2/ 4t. 

. -1150 

B5/40 


.Important req.uirement8 to be fulfilled by pho * 10 do i r* c fco rn uood 
in fibre optics; . ■ 

(a) High response at the wavelength of erisnaoa. 

(b) Sufficient bandwidth or spesd of respouBO. 

(c) Minimum additional noise hitroduccd b/ the aot^jcfcor* 

(d) .low sueceptibility of performance characterlntiCB to ch-^ngw 
'in ambient conditions. 

(e) Oompatibility ■ in size, power supply reqLUiremonts and coupllag 
to the fibre. 



When the incident photon energy h becomes greater than th*' band gap, 
the photon can excite an electron from the valonce band to th« 
conduction band (absorption). Every semiconductor becomes absorptive 
at some critical wavelength. This limit is known as tho absorption 
edge. 


Material 

,..,i 

Pb S 

Gre 
Si 
G-aAs 
Ga P ii ; 


'Xc _ Jif 


Energy gap, (e7) 

hs 

-.(pff’) 

0.54 - 0.37 

3.35 

- 3 . 

0.67 


1 .85 

1 .14 


1 .09 

1'.43 


0.87 

.2.26 


0.55 


Optical power incident on tho photo diode gets absorbed 
and produces^eloctron-hole pairs resulting in maihly dioplacemeat 
current, ihe ^atitaber of elootron-hole pairs produced depends 
mainly on 'the-q.uintum efficiency of the diode. ' • . 
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quantum crfici-jncy ( r]) of the diocio is definod as the fraction 
of olcctrous cmjtfcoci whf.n a photon of enrrifjy hV 3s received 

by thv-^ pliotodot ‘ctor, whoro h is the Plank »s constant and is the 
frequency of the TDropa;p:atca 13yht« 

In the PIU photodiode there is oft-^n a trado-off hctwoeri the quan- 
tuni ol’l'3c3'ncy and the speed of rosnons^^* For h3in:h^r quantum 
cffici'-'ncy lorifc absorption rcf^ion is required. Por high speed we •• 
reqiairo short drift tiiirs, thus o, short absorpiton region resulting 
in a tradO“*off botw'^cn p and the spe-d of response. 

An ideal photodiode, i.e., one \rhich produces one electron 
for every photon incident on it, operating at 1 pm wavelength w3Lll 
have the responsivity of about 0.8 amp. per watt. 

Responsivity (R) is defined as the average emitted current 
XLc' divided by the average incident power 

£ _ ^ coulombs/ jou}.e (=amps/watt) 

where e is the electron charge in coulmhs. 

Since the optical power levels we are interested in detecting can 
bo as low as a few nanowatts, th'^ nho to electron current will be a 
few nanoamprres or less. Thus the amplifier stages used after the 
detector which generate thermal noise, Ijjuits the performanco of 
the optical reco Ivors. Thus it Is desirable to have a mechanism 
to increase the d»'toctor responsivity before amplification. 

Avalanche photodiodes ( AJPI>) provide such a mechanism. 

The doping pitifiljs is adjusted to result in a narrow region to the 
left of the intrinsic ( i) region where high electric fields exist. 
Garri'TS which drift into this region can be accelerated to velo- 
cities which ar" suff iciently "high to generate new oloctron-holo 
po.ire through the orocess of collision ionization. Those new 
carriers can in turn generate additional pairs. The result is an 
effective amolif icatinn of the photodiode output current. But, 
unfprtunatcly, this amplif ication is random. The variance of this 
random process is made as small as possible by proper device design. 
As stated above the spf=''‘d of response of a PII detector is governed 
by the t3me it takes for carri‘'''rs to cross the ’i' region."' Por 



PKC-18 


APD the speed of response is fcovoru' U by tUu tir- ib fcok. ;*. I't^r 
carriers to cross the ’i’ rs.|fi:iori plan th' t iri’t r'i'iir- - multi- 
plication proooRS in the hirth f j Id rcf^i-ui. In practical AFIi’n 
there is a trade off bctv;:;nn the ^caln ant! fchu b"i*.v/3ath ( rcniyifiao 
speed) . 

The PUT photodiode circuit o,n{i ifcn iiicronH.fi*;'-'! O'ju IvUr-at 
circuit is shown 

= Piode Junction Capccitoncc 
Hg = Diode Series Resistance 
Rj^ =‘ Physical load Resistor 


Ihe diode as can be seen is esoentially i curr nn rs "irco* Thi^ oiaoH. 
series resistance is negligible in most anpl Scot j inn . Thr load 
is the amplifier to be used with the ph'.'t•^uifuio ".r. a 

resistor in parallel with a capacitor followocl by an IdffU. , in- 
finite impedance amplifier. If A(f) la the «^f**pl if ir gain and 1(f) 
the detector current at a frc<iuoncy f, the output v-,lt''i»c in given 
by: 

^ . V(f) = 1(f) z(f) A(f) 


where Z(f) = z ^ 

■R + j27cf Cm 

, X 

is the impedance of tho load, and 


% 




J» 

R. 


and 0 


T 




If the optical power falliiig on the dotoctor with ronpono ivity 
R (ami)s/watt) is p(t) watts, then the amplifier output voltage io 
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whf.'rc: "t) ^ ciotcctor inipulse rcspon!=! 0 , and 

h,^j,^p{t) is the load amplafier impalo© rospoaso. 

It as to he not"*! that p(t), the received optical power 
varies in time at a baseband rate -and not at an optical rate, 
further, the model asoumos that the detector output current is a 
lin-jarly filtered version of thi' rocoivod optical power* 

A£I),jQdsL 

fho above is a schematic of an API) biasinip circuit. The APD 
rosponnivity is a stron/^ function oi the bian V'lltago. Therefore, 
power supply has to bo c'nitrollc.d by a tomoerature compensating 
circuit to mr'.intiin a fix*' d avalanche gain, bncause temperature 
vc.riation v,arios th- detector breakdown voltage. The equivalent 
circuit of an APb is identical to thet oi a PId diode. Since the 
aval.o,ncho gain io bias sensitive, saturation can occur if the 
aprli: a oign-al v-ri-^t ions ar';> very lo,rgo, therefore caution must 
bo oxcorcisod. 


iiQ. is e in Pho : 

Yarioun sources of noise .assi'jciatod vrith the detection and 
amplif i.c”’ b ion process for an APB are dcoictod on next page 

i " 

formally whoa the oho tod io do is with out tho internal avdlanche 
gain,, th'rm.ol noise arising from the dctoctor load resistance and 
from active elomonts oi the- amplifier dominato. 'When internal gain 
is on'sployod, the relative significance of thc-rmal noise reduces. 
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Detector Model : 





Ideal 

'v 

hg( t) 


Photo detector 
h( t ) kc 6 ( fc) 

i 

i 


Poisson Process— with YsCt) 


A 

Poisson PTOCf'Ss with^sCt) 

i^g(o,t) 

j -1 



during 
( 0 ,t) in- 
t'''rval 


N^(o,t) 

= z 

d=i 


0 h^ ( t““Z 


Tnhomogonous Poisson 
Process with intensity 

'^(t),o = eiocfcron chergo 


i'I^(o,t) is s.n Inhomogc.ious Polssnn counting process with intensity 
d 







Fig. 1-2 (a) Side View a 5Step Iridex Fftjre 
showing a tyciicol Meridional Toy 
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Fig. 1-2 (b) Rays undergoing Multiple RefU'Ctons 
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(g) Typical Skew Ray 



(b) ■ (c) 


i^ig, 1 -3 Skew Ray and Associated Angl€:'s 
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OPTICAL FIBER TRAKfSHTSC ION FROM COi^CE?! JOM K) 

PROMBrENCB IN 20 YEARS 

{M. Schwarz) 

The Transmittal of inf orri'-^t ion by ontic'd , ouch -in 

smoke and fire si^npls, nates hock to prehiofc-rac tir-:u H-wov^^r, 
little advance in these methods apnoarn to h -vo '-ccu'-'d until 1791 
when Chappe invented and demonstrated the optical t' I'-. ph f 1]* 
This system was widely used in France -nu in oth.T po.rtn a: Europe 
for more than 60 year-m 1870 the physicist Jrhn ryudill demono- 
trated that light could he guided along a curvou p-dh in w;itcr. 
Subsequently, in 1910, Hondros and Lcbyc [2] i^-id the f-und''tion 
for understanding this behaviour v?hcn thc-y aa'dyucd '.lirlcctric 
waveguides in their studies of th*; propagation ’> 1 ' r'ui.S.> v/nvoru 


In 1880, A.Gr. Bell invontocl and patented the 'Pb. ' t ’ph‘ .n- 
which he used tp transmit speech signals at distance 'd a few 
hundred meters. This system used intons ity-modolatoo, rninlight 
reflected from a mo spheric trannmina ion, '■ nelunlum 

detector. However, because the system lacked a woll-C'' ntr 'llrd 
medium, a dependable optical source, and a aonoitivo dct )Ctor, 
Bell's Photophone lost out to another, somewhat bettor kn wn, 
Bell invent ion-the telephone. 


Technical development in the fi'-ld of optic''! comrun lent ions 
again seomed to cease until the invention and rcaliaatlmi of the 
laser in 1959 and i960. The prospects of a c-^ntr')!!* d o^'uric 
capable of transmitting enom'ous amounts of Infjrratioa, at a time 
when the importance of information in the society of the future was 
just being recognized, led to major research of forte t"* uncover a 
low-loss, well-controllod, guided optical medium. The brf nkthrough 
occurred in 1966 wfcon K.G. Kao and G.A. Hockham [3] of STL proposed 
a clad glass fiber as a suitable dielectric waveguido. They pre- 
dicted that a loss of 20 dB/km should bo attainable in such fibers. 
These remarkable predictions, at a time when the lowest loss in 
fibers was about 1000 dB/km^ led to incrooBing research in glass 
materials and processing efforts in many parts of th© world* By 
1968, bulk sillica samples had boon prepared with losses m low 
as 5 dB/km [4]* In 1970, F.P. Kapron, D.B. Keck, and R.D* Maurer 
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[5]^ of Corning Cl.ato VorkB reported on a doped-silica clad fiber 
that achieved the 20 dB/km lose bogey* That same year, just eight 
years after the devnlopment of the first semiconductor injection 
laser (Gajfts, low temperature, nulse operated only), T» Hayashi and 
othorji[63 at AT&T Bell laboratories achieved continuous, albeit 
shortvlivod, operation at room temperature and optical confinement^ 
with an AlGaAs doubloheterostructure device which was lattice -matched 
to a GaAs substrate* 

is promising as these developments were, there still seemed 
to be enormous obstacles to making optical fiber transmission 
practical* Some of the major issues at that time were: 

• Ctould b®* loss the reduced to the range of a few dB/km or 
less to gain a regenerator spacing advantage over competing 
wideband technologies, such as COAX? 

..Could fibers be produced at sufficiently low cost, to make 
optical fiber transmission economically attractive 

• Could fibers be drawn with sufficient strength to survive 
manufacture, cabling, installat ion, and field use? 

• Gould fiber dimensions and index*-of-*ref raB^ion profile b® 
controlled well enough to permit satisfactory transmission 
characteristics and reasonable splice losses? 

, 'ip 

m Could apliciag be performed in the hostile field environ- 
- ■ ment with sufficient alignment accuracy, freedom from con-' 

tamlnation, and stability to allow stable system performance? 

• Could practical optical f iber connectors be designed? 

. Could injection laser lifetimes, then, measured in minutes, 
be extended to the tens of thousands. of,.hoi|7t®’ 
real systems? - , ’ 

. ' * *’ » j 

• Could laser light be coupled without lai^^ i^oss . into optical 
f ibei*s? 
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•In the succeeding 13 ye?irs, affirmative answfjrn were rf^athod 
to these -questions, and to other vital ones which hri4 not ©von 
been identified. An excellent objective historic account of opti* 
cal fiber communications has. been provided recently by f* lii[/]» 

In this admittedly personalized and not so objf ctlvo account, 

I will review the piogress made in optical fib^r tranfimlae irm, 
with emphasis on the ' medium, while poiiiting out ; 

. the set of optical and physical mattrialn, pronortSoa, and 
discoveries which jointly make optic-'a fiber communications 
practical ; and 

. that scientific and engineering knowledge and tools, along with 
• the necessary incentive, were in place by this time which 
supported a period of remarkable progress. 

As previously Indicated, the lowest-loso optical fiber that 
hd;s"beea made by 1965 had a loss of about 1000 dB/km. As .engineers, 
we sometimes throw suah numbers around with great abandon without 
giving enough thougjtyb. to., their signlf icance. To put things in the 
(perspective of that time (1965)^ let ua assume that w© wanted to 
transmit a signal via an optical fiber over distance of 1 km (a 
short distance by telecommunications standards), without amplifioa- 
tion or regeneration. Since the weakest signal wo can possibly 
detect corresponds to a single photon, and assuming a source 
wavelength X s= Ijirn^ the minimal detectable energy Bj is 

hv = (6^625 X 10*"^) (5 x I0^'^)erg8 (1) 

\ = 20 X 10“^° joules (2) 

Assuming a KtiO-dB average loss in transmission, the required 
average input energy Is 

= B^ X = 20 X 10®° joules 

to get, on the average, one photon outi 


( 3 ) 
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On© of the many waya to show that this number is absurdly 
large is to note that' the total, world energy production in 1981 was 
284*51"^nadrlllion BTl? [8]. Hence, it would take T years 


SO 

y ^ I.Q igAsfl. 

(284.51 ~^)x10^'^x1054*8-^^^||g^ 

J = 6.67 X 10^^ years 


(4) 

(5) 


to pit) dace enogh energy, at the 1981 rate, to average 1 photon out 
of the 1-km fiber length. (Of course the fiber would have disinte- 
grated in the first millisecond). 


HJhe previous calculation indicates the significance of the 

Kao-Hockham prediction that losses of less than 20 dB/km were possible 
in optical fibers* In their 1966 paper [5] they concluded that^ 
’Theoretical and experimental . studies indicate that a fiber of glassy 
material constructed in a cladded structure represents a praoi^ical 
optical waveguide with important potential as a new form of commu- 
nications medium... The crucial material problem a;^pea,rs to be. one 
which is difficult but not impossible. Certainly, the required 
loss figure of around 20 dB/km is much higher than the lower limit 

I 

of Ipsh figure imposed by fundamental machanisms * . 

In order to make this prediction, Kao and Hockham had to esta- 
blish tho theoretical wav>')guide and materials properties of the 
opt leal -fiber dielectric medium, and demonstrate that the 'materials 
and dlmenelonal re^ircironta realizable. Kao [9] points out 

that ’dimensional tolerance requirements had to be established on . 
simulated fibers’, and that ’instruments to measure optical loss 
had sensitivities several orders less than that was required’. In 
spite of those difficulties, rapid progress was made, including 
vastly improved optical loss measuring instrumentation. Figure 1 
shows the enormous progress .that has teen made in fiber loss versus 
calendar yeah. ' ' • ••■ 

It has already been noted how the Kao-Hockham results simulated 

fiber research in many countries. Fi.P. Kapron, D.B. Keck, and R.B. 
Maurer [5] achieved the goal of 20-dB/km attenuation in 1970. In 
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trolling the involved aerodynamics. This may result iu the VAh 
process being used principally for SM fibers (aad porhapo lew-band- 
width multimode fibers, that is, ^00 MHz. km) j sliico fhe indox 
pfofile is less critical for SK fibers. 

• Based on manufacturing rsvsults reported to this dato, high 
yields > 90^) of multimode fiber with bandwidthn of r.i'' rc than ISOOMHz. 
km have not been obtained with any known pracosn. With the shift 
of systems to the long wavelength region and the conneqaent reduc- 
tion in loss, bandwidth becomes the factor lirlting; the ropootor 
spacing of' multimode systems. This is the case Qvon thtcagh mouc- 
niising, that is, the exchange of energy botworn moacH due t'> fiber 
nonunif'ormities, results in bandwidth doerc-asing with fibor loiigth 
(L) more slowly than L Nevertheless, the need for /greater 
bandwidth leads to the use of SM fiber, such as that nhom in Fig* 
4(c)^ In the wavelength range in which the fiber supporijs o single 
mode, intermodal differential delays are eliminatncl , 'F3b-r bnndwiuth' 
"becomes dependent on wagoguido dispersion and material dispersion, 
as well as optical source bandwidth. In the wavelongth jpeg: ion where 
material .dispers ion and waveguide dispersion esseatlally cancel one 
another, fiber bandwidth can be extremely largo. Furthcrtio ro , with 
an appropriate choice of core diameter, prefilo shape, md£ik, the 

'zero dispersion' crossover can bo controlled such that p» duct ion 
fiber bandwidth remains high at the selected system wavolcngth. 
Figur^ 4(d) shows a depressed cladding SM fiber. One of the advan- 
tages of this fiber is that the required ^ value cna be attnined with 
a lower dopant concentration, and hence a lowor Rayloigh. Fjcattoring 
loss. Figure 6 illustrates a quadruply clad fiber which haa <2 pe/nm/ 
km dispersion in the entire wavelength range between 13—16 pttn [21]* 
Such a fiber is well-suited for simultaneous transmission of mxkf 
wavelengths (wavele^th division multiplexing (TOM))* 

Stoical ■Mre ngth,.QfO^^ Fibers 

In the early 1970 's, just after tho announcemont? of the first 
low— loss optical fiber, the physical end chemical pro pert les of 
fibers received much increased attention. Until that tiens , most 
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of the rosoarch on the strcnfSith of ^lass fibers, and the achiovonenfes 
riadc , related to fibers in the rrillimetcr to few centiEietor length 

range* Cable and manuf actaring engineers chranged all that by 

tellhig their corariist and metnJLlurgist colleagacs something like^ 

<1 

I^vo got to make cables in kilometer lengths. I need to 
know and design for the r\ininmm strength/strain capability of kilo- 
mefcer lengths of fibers, not the maximum strength of short lengths'!" 

It ■was already well known that glass fibers under tension be- 
have nearly like liticar elastic solids until a critical stress in- 
tensity for the material is rnachod [22], at which point brittle 
failure occurs. The stress intensity is highest at crack tips of 
flaws; hence fiber strength depends on the flaw distribution* Ihe 
distribati:n of flaw size depends very strongly on the material and 
processing history of the sample, and consequently can have a large 
range [23] » Figure 7 shows the strain capability of high-silica 
fiber versus the maximum flaw size. The maximum flaw size alone 
( ■weakest link phenomen'^n) determines the fiber strength, and since 
the flaw size will incroaso statistically with the lon>gth, 

it is clear why moasuremruts on short lengths provide little ihfor— 
mat ion on the strength of long fibers* From the figure il can be 
aeon that the maximum allowable flaw size to achieve 1% strain is 

of the. order of 1 pm* To provide a feeling for what this means, if 
someone took a pristine sarmlo of nowly-f ormod high-silica ’'glass and 
l^ightly ran their fingers on the surface, the strain capability would 
drop to a few tenths of a percent, indicating a maximum fl?.w size 
in the 5 pm range! 

The foregoing indicates one of the fundamental issues in the 
physical properties of glass, namely, the stat is tical_ nature of . 
its strength*- The second important strength issue, known as static 
fatigue, is that water can degrade the strength of glass [ 24] • Both 
of these phenomena are fundamehtal consequences of the atomic stru- 
cture of glass: therefore, they can be altered in extent, but not 
in kind , by composition and processing changes [23]* 
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It is noteworthy that hi^h-sillica fjlasses, relative to other 
glasses, have very—high tensile strength versus flaw size, as well 
as good static fatigue behavior* That is, tho very same laatfirial 
systems which are capable of yielding 1ow~1obs low~cost 1 ibrro also 
possess "the best physical properties. i4nv^ rtheloss, ontical fibew 

in contra.st to metallic conductors "have a statistical distribution 
of strengths, as opposed to an essentially deterministic strength. 

The q,uestion asked hy our cable engineer in the oarly 70 *s was; how 
could one assure a minimum level of tensile strain on which to base 
cable design and manufacture? The answer, which was and is employed 
in most optical -fiber cable manufacturing procos3on> was to employ 
proof testing [24~26]. In proof ■ testing, every segment of the fiber 
is exposed to a short-term tensile strain t^st, in soma cases in-line 
with the fiber draw process. . This truncates tho fib*'r strain distri- 
bution on the low side and provides the design engineer • with a ten- 
sile strain capability equal to or greater than tho proof strain* 
Today, .typical proof strain values in fiber manufacture arc in the. 

.5% - 1-55?' range,. 

Even if fibers can be drawn with the large strain capability, 
it is almost impossible to handle them directly without introducing 
flaws in the process. This led to the idea of inline coating of the 
fiber, the. •••most successful versions of which have been polymer coa- 
tings. In this process, the. freshly drawn fibers are p.pssed through 
a die containing a liquid polymer, which is subsequently cured 
thermally or by UiT radiation, for example. The central Idea is that: 
contact -with the fiber surface by particular matter ‘Is avoidodj 
hence, ahrasioa- and handling-induced flaws are avoided. Once the 
coating has set up, the fiber can be fed over capstans, placed on 
reels, stranded into units, and cabled. 

In order to obtain very-high strength fibers, many factors need 
to be controlled [18,23,27]: Fig. 8 summarizes some of these. By 
paying careful attention to these factors, very-high-strength fibers 
have "been fabricated. Figure 9 [18] summarizes some of the fe^ighest 
fiber strengths obtained to date* The 505 Kai (1 ksi w 1000 Ibs/in^) 
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strength vhich' •' corresponds to about 5% strain indicates a maxi" 
flaw size of about 0.04 p-in - Iho result associated with the light ~ 
guide sea trial., reported by Rung© [28] - that 101 km of fiber in 
2.5kjn lengths had boon assembled and spliced and passed proof test 
of 200 ksi-is particularly significant. 



In tho early 1970 's there wore strong concerns about rach^eving 
high fiber survival rate in optical cable manufacture. This is not 
hard to understand for those who have seoh the machinery in a con- 
ventional cablo-manufac taring plant. (Jetting -*^100 pm diameter 

fibers through such erocessos without breaks seemed to be an incro— 
djblc task. It was a very difficult job, but in-line coating tech- 
niiiu-'s nnd proof tosting provided the strf>ngth and handling proper- 
ties required to make cable manufacture practical. 

Another problem 'unique to optic.al fibers', called microbend- 
ing was discovered [29,30]. It was observed that small deflections 
of tho fiber axis (in th- submicron range or larger) with periods 
of o.bout 1 mm can cause largo losses (tens of dB/kii\) in graded index 
multimode fibers. At the time, there was concern f^s to whether it 
would be posaiblii to avoid such tiny bonds in cabled fibers* How- 
ever, it was soon realized that coating design could play an impor- 
tant role in controlling microbeading. G-loge [31] demonstrated that 
hp.rd or soft coptings, and combinations thereof, could bo used to 
control microbending. . 

Two b:\sictally diffo'--’ent cable design approaches were taken. 

In the first approach, tight mechanical goupling exists between the 
fibers '’nd the cable sheath. This approach, which is similar to 
convent ional cables, has the cadvantage that it is easy to match the 
'fiber length' to the sheath length in manufacture. However, it 
requires that tho cable sheath take installation loads with little 
elongation, sine© the fibei^ usually have relatively small elongat- 
ion to br^ak when compared to copper (about 1% for fibers compared 
to more than 2Q^ for copper). The tight mechanical coupling appro- 
ach led to the use of thick fiber coatings to prevent microbendjhg 
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loss due to the effects of pressure from oth-=r o-hlo components on 
'the fihors. 'Figure 10(a) shows the -cross section ni n tyoical 
coated, fxbor ’used iii the *tig1it conf Iguratloh’ * fh^ dimtiiniono 
, aro doniihatc-d "by th? coating and honco optic'il h'lbl' s with tnis 
type of coated fiber tond not to bo npaco efriej-’ut. k nocoud . 
cable design approach places the fibers in loos'; structures, .'is 
shown in Fig.'''1l* Since the. fibers arc loose, they ns.-ai not b© , 
pressed oii'toy other cable members, nhd the rib';r stiffness 

can prevent microbends. Such designs can omnlay thinner co”tings, 
as shown in Pig.' 10(b). However, monuf ’^cturc of c*'bl o with loos- 
ely coupir-d fibers re<3.uiros ca.re to avoid introducing oxcunslv© 
fiber’ length mismatch with the sheath length. For oxafolo, if the . 
fihors aro ’too long’ they will tend to bucklo and b*'nd1ng losoos 
can result. On the other hand, il‘ the fib'-rs are too short, they 
will hreak under trnsilde loading. Piguro 12 taken fnim [32], 
shows a humbar of high-donsity cables (with a large numb* ,r ">f 
fibors per unit cross section), fhe highest-. e.ns ity an-.l lo west- 
weight .fiber is achi'-'ved by the ribbon-based C'‘'.blo shown In Pig. 
12(e),, -High-density and low w© ight /f ib.’. t’ -'jj-©- iinp<j*rtant cable 
characteristics for duct-tyne installations# 

Pigu-re 13 shows- the cro^s section of an undersea cable with 
a tightl.y coupled ..erubedded core with 12 SM fibers. Added losses 
due to cabling of 18.2 km of this cable were negligible [33]* 

In the early 1970’s, the problem of finding methods of splicing 
fibers loom?d almost as large as the problems of attaining low 
fiber loss, adequate fiber strength, and low microbsnding loss# 
Although a number of different mcchan isms ' can contribute to splico 
loss, tho difficulty of the problem can be understood wibh tho help 
of Pig# 14 [32]. In the case of ,a multimode fiber with a 50 pm 
core diamet-^r, the transverse offset between th.o .tw fibers has to 
be less than about 8 pm to keep tho loss below' 0.5 dB. Attclning 
8pm alignment accuracy of 2 nearly-hair-thin fibers in the crowded,' 
dirty, often wot conditions that exist in manholes in metropolitan 
area seemed almost out of the question. Mot onl^ this boon 
done, but much lower loss performanco has been attained, usually, •' 
in the 0.1— 0*4 dB range. Ihis has been accomplished by' clevar*^ 
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fixturin^, using a variety of aligninent techniques such, as sleeves 
and V-grooves [32], to butt splice or fusion splice individual 
fibers. Soino cable structures which. ha.vc regular arrays of fibers, 
such .as cylindrical V-groovo cores and fiber ribbons, lend them-, 
solves to mass splicing, that is a numb'-r of fibers are spliced 
tog''’thnr simultaneously. This can avoid handling the tiny indivi- 
dual fibers and spO’-'d up the splicing job. 

The splicing taks becomrs even more difficult in the- case of 
SM fibers, kigure 14 shows that transverse offset nc'ds to be of 
the order of 1 pm to get low snlice loss. This is one, of the 
reasons that SM fiber systems followed the development of multimode 
systems. Because of the great accuracy required in an SM fiber 
snlicc, and boc.ausc most practical splicing methods will likely- 
require ’active core alignment’, that is, adjustment of the align- 
mont of thr. two cores to maximiKO tr.ansmissioh before completing 
the splice, it is likely that SM fibers will not be mass spliced. 

Both fusion and bonded butt splices of SM fibers have been reported 
[34,35] with losses of 0.1 dB or less. 

* V 

High-stron.gth SM splicing techniques, needed for undersea 
cable', which consistently have strengths > 200 Kpsi and losses of 
'Po,\ dB, have boon reported [35]* 

aad„/i,.Ya.taffla, . 

In order to establish the feasibility and practicality of op- 
tical fibcir transmission, a number 'of multimode fiber experiments 
were conducted in the mid 1970 's in Japan, the United States, 

_ Franco, the Jnitud Kingdom, Ital^, and Germany. The first of these, 
which emphasized cabling and splicing, was carried out by Furukawa 
during the summer of 1974. It involved 4OO meters of 4 fiber cable, 
of which 200 mot.ors was ins tolled aerially, tho remaining 200 meters 
was placed underground. Splicing was performed using a sleevebased 
technique. R'^sults of the experiment were repnpt.od by Murata [36,37] 
Optical fiber field trials -and early applications in I'l'orth America, 
Europe, and Japan are described [38-40]. 
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ATc&T Bell Iaborator5.cs installed nn . c f'fjfclcf'l fibor 

trunk system in Atlanta in the latter part oi l')?^ 1 41 ]• fha nystoc' 
used a 650m, 144 fiber cable that v-.a co.ii’irurr , in a, .bujp which 
passed through underground ductn« aptitril u i 'n-lji co ild be 

sent through the cable many tim^'e. to ■. st-blinh 'J'Ki - t r anr” 3-a Inj 
lengths by appropriatr ly connect; i.r*: u if i'.. rent i.'i’rn fch,' c'l.blo 
with short jumpers at two sina3.e~l' ib r je.ck Lhi -iUn, • c:\blo, of 
the ribbon type, xiras mass splic-'^d uniir- M4 fib r irr-p; ct ."14^ c tors 
[42], with an aver'^ao loss of 0*?< full r* n'‘“f‘ oi’ n,/”. t'^'P oxpe- 

rinxents was carried out at 44*7 I-'b/a v;h ‘oh '/iul.bxi unropi, -.tnrod 
spacings up to 10.9 kro at error r“.t; 0 of < 10 "nU negligible 
crosstalk oven with mass splicing. 


The most significant aspect of th*' Atlanta OKperin-., i,;t wn 
that it established the viability and pr'-ctiefLity ei’ -Ql arjp'-ctn 
of optical fiber trunk tranamissioni including the optic'd cable 
medium, its installation, splicing, optical tr'amritto rn -xna receiv- 
ers, electronics, optical jack fields and jumpe rs, 'xnu entio d nys- 
tom performance, Tho success of the experiment loti to th*- doc iu ion 
to install a sinxilar system, in uauerground ducts in fchC' Chicago 
’Loop' area. The system, which began ca.rrying norvice In t!xr npring 
of 1977, provided digital video transmission for uno with experimon- 
tal 45~'Wc>/s video terminals niong with data and voice. Dhe results 
of this effort led to tho f'T3 45MB/s lightwave trunk dovelopmuat^ 
which began in 1978, and to the first standard sorvico in Soptembor 
1980 in tho Altanta-Smyrna area. Miller [32] roportod th'^t as of 
Dodembor 1982 more than 150000 km of cabled fibers had bv on InntallGd 
in association with FT3 and PT3C, which are AT&T lochnologlos supp- 
lied lightwave transmission systems operating at 45Mb /s and 90 
respectively. As of December 1983, mere than 300000 km of cabled 
optical. .fibers had been install d in what was tho Boll System [43] 
for these same systems and for fib^T loop, carrier applications [44]* 

m ♦ 

The first major field test using optical fibers to bring broad- 
band services -to individual residences was the Hi-0¥IS project [45] 
in Japan, which bogan in 1978. It used LED’s and plastic-clad step 
index glass core fibers and .baseband transmission to provide a very 





broad range of video services, including t-wo-way video using chan- 
nel selection signals. It involved 168 subscribers and was confi- 
gured to help meet the social req.uirements and community needs set 
by the Ministry of international Irade and Industry (Mill) . 

At this time, optical fiber systems are more than ’interesting 
new technology’* In many places and instances around the world it 
has now become necessary to justify when anything other than an 
optical fiber system is proposed for trunk or long-haul right-of- 
way applications. This is the case in a number of Bell Operating 
Companies, in the United Kigdom and Canada, to nojme a few. Major 
long-haul routes in the United States include a 776 mile route 

along the east coast from Moseley, 7A, to Cambridge, Ml ^ a 
500 mile PT30 system in California linking Los Angeles and San 
Francisco, 

3M system, with their inherently large bandwidth and longer 
repeater spacing capability, are the main thrust in new systems for 
long and short haul apnlicat ions.NTT in Japan has sponsored, a field 
trial of a 400-Mb/s SM fiber system between Musashino and Atsugi, 
.and 80-km route passing through 11 cities with 4 intermediate 
repeaters [40], The system operates at ^a^nd uses a cable with 

6 SM fibers, 6 graded-index multimode fibers (for comparison purp- 
oses) , 2 power feeders, and 6 quads. The iITT trial was due to be 
completed in March 1983 and was to be introduced into the long-3aaul 
network in 1983* Announced plans indicated more than 60 such ins- 
tallations and 90000 fiber kilometers beginning in 1983* 

In addition, both the United States and the United Kingdoai 
• havd announced plans for major long-haul routes using SM fiber 
[46,47], and sonie short-haul systems are already in operation [48]. 

Undersea llghtw<^ve systems are being aggressively pursued in 
the Unit<’d States, the United Kingdom, Prance, and Japan, A Beep 
tfater Sea Trial of an undersea lightwave system was carried on by 
AT&T Bell laboratories in September 1982 at a depth of 5*5 hni 
[49,50]. The results of the trial include the followingi 
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. The 18.2 toi cable, which coutaiaed 12 low-loes h j^ih-sfer^.Af^th 
fibers, perforiyiod as anticipated duriu,'.^ Iay1a*’:|( holdiii^, 
and recovery bperatjons. 

.,Spror--free transmission at -274 Mb/s was demons t: rat ' ri -fc 

" '-U^5 pm in a concatenation of 3 r^r^oncr^'tor so-as (a loucjth 

.109 fiber Iqj^) . The signal was I'dbpod throa-'^h the cable 
3 tames (54*6 km) to 1 underwater regoncr- tor, th^ni looped 
2 moi^ times to a second underwater regen r'<tor (*^6.4 kns) , 
from which it passed through the cable 1 more tine ( 18.2 km) 
to a shipboard rogener.ator.’ 

. The maximum change in loss duo to temper'* t:ai*c, toaajon, and 
. ...^pressure was loss than 0.1 dB under all coticiitionr. * 

■' In November 1983» it was announced th.at A'MT beou awarded 

a ftiajor portion of the first transatlantic lightwave cable nyotery 
known as TAT~8^ [51]* The Doe'p Water Sea Trial previously referred 
to laid the groundwork for, and established the viability ol, the 
technology AT&T will employ. AT&T will provide the sogmont of tho 
system. fro^pi a landing point in Tuckerton^ to a branching device 
off the European .continental shelf. AT&T will supnly 3146 nautical 
'm3±eB (nml) of undcrse.a cable, repeaters, and tormimal oquipmont. 
"Standard Telephone and Cables will supply 279 nml of cable as 
well as reoeators and terminal equipmtnt to roach .Wldemouthi 
Bngland_from the branching pointj Submarcom will do the same for 
the 167 mile, link from the branch point to Penmarch, Fr''ncc.AT&T 
Communications was given the rcspoiisibility for ensuring th: 
technical compatibility of the three parts of tho TAT-6 system. 

The system, which is planned for service in June 1968, is expected 
to provide the i^qu^valent of 40000 two-way telephone channels. 

As_a measure of progress 'in tho experimented systems area, tho 
’world record for the' longest unrepeaterod transmission distance’ 
in a laboratory demonstration changed hands three times last yoar. 
Early in 1983 a world record of 119 km was achiovod at AT&T Boll 
laboratories at a 420-Mb/s rate [52]. In June 1983, Nippon Tolo* 
graph and Telephone (NTT) succeeded in reaching 134 km at 446 Mb/s 
[53]» iJa the spirit of ’can you top this’, AT&T Bell laboratories 
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reachod I6l-km spacing at 420 Mb/s [54] • 'rhcse incredible spacings 
at such hjgb bit rates are not practical today for real systems 
because such laboratory syvstons do not account for system margins, 
reliability, physical constraints on splices, and above all, costs. 
However, they do signify the tremendous rate of progress b'ing made, 
and it is possible that in a five to ton year period these parame- 
ters will be achieved in commercial systems. 

aiiiap .Q.l c f Q.r the Puture 

Currently, fiber research efforts are uioving to the longer 
wavelength range beyond 2pm, ' where Rayleigh scattering losses c.an 
be much lower. Unf ortunately, this' means abandoning the high-s il icSi' 
glasses 'because of their infrared absorption. A number of material 
systems including germania, fluoride, and 'chalcogenide glasses are 
under invest igation [55]. Thus fap, fiber losses have been high 
due primarily to impurities. Although some of these systems have 
the potential lor losses below 0.01 dB/km, it will take considerable 
effort to get down to the 0.1 6 -dB/km minim-urn reported for high-sHica 
^fibers [56]. Even if the impurity problems are solved, there are 
significant physical-property iaeuas and difficult cost problems to be 
solved before longer— wavelength systems become practical. Never- 
theless, the payoff potential is so large that it iS' »,well worth 

the hunt ’ , ■ ■ . " ' . 

’’ • . ^ 

ether areas which appear to have significan-t potential, p^arti-. 
cularly for long wavelengths, are coherent tranmission and det-oct- 
ion. Coherent systems have tho potential of achieving the quantum 
noise sensitivity lii-fit, however, t'hey require single frequency 
stabilized transmitters and local oscillators. Depending on the 

system parameters and choices, such as bit , rate and type of detector, 
improvements in system .sensitivi-fey of the order of 20 'dB are theoret- 
ically possible (smaller if a reasonably good avalanche photodiode 
(ABB) is available). Recently, two techniques have been reported 
for in^iect ion "locktog a dwdo laser and attaining fullwidth half- 
maximum line widths of less_ than 10 EHz [57]'. Using an- injection- 
locked transmitter and an HeNe local oscillator to perform- hetero- 
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dyne detection, a sensitivity ijitpix)Vcmont of 1 4 <iB rit a Mb/n was 
measured over 123 kni of fiber relative to a p-l-n phofcodiodo. 

Many issues remain to bo resolved, such as la3''r nfc'ibSlSty, 
polarization preservation in fibers, and noziljnoar propagation 
effects, but there is reason to bo optimistic. 

Much progress has 'ilso boon made in sources 'md dotcctorn. 
These developments will further enhance the ability of thv now 
optical fiber technology to do old transmission jobs bettor • nd 
iMore cheaply than other guided transmissiozi systom^s. Pcrhnnn 
this will eventually lead to the same kind of qu-alit'^tivo effect ^ , 

that integrated circuits have had on eloctronic systems, th"t la, 
allowing society to do things that .were liconco ivablo before the 
transistor and its" descendant realizationo • But, for a while- at 
least.- I suspect we will focus-, on the quantitative side, omphn- 
siz-ing higher speeds, longer distances, and lower contn. T d,'‘.ro 
say we will sbe’mue.h mord of this, in the next 20 yearn. 
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(for a'strict:'d Uso only) By Steward i3. ?^ill'r rKO -42 

(Proc.) IBIB, Oct. 1980) 

017BRVIEW OP 'IBllCOT’IMO'iNflCATIORS VIA OPl’ICAL PIBBRS 
ABSPRAOP 

Ii igiit^wav© tra.nsn’' iss ion on a iber tr''.ti3r.i3nfi jon inQdiunt 

lias reached a fully cotnfliercial st'^'^e, with carrier wavelen/^ths in 

the 0.82-0.85 \xm region. Second f,e:ic r-y'cioii systems will operate 

with ‘Carrier wavelength in the 1.2-1 .6 ^ir region where high silica 
fibers have more attractive loss and dispersion characteristics. 
Research ajo»tSttue« a* a high l©TCl,.-iid will lewd to coatinu<^a rapid 
evolution lightwave systems. 



light wave .telecommunication systems using gl'ios fiber gaidoa 
are now^being manufactured and inst'alled on a regular com'"ercial 
basis, fhe era of experimental and trial iiist'illetione apor. ars to 
be near an end, and customers are ready lor standard comnw-rc 3al 
offerings. ■ " 

Cables containing phothn flow in glass fibers arc aunerneding 
cables containing eleetton flow in copper pairs or coaxijola. App- 
lications are to undersea (intercontinental) communication systems, 
to domestic intercity systems, to metropolitan are trunking systems, 
to feeder links in the subscriber loop, and to on-pr8m3n<»s or local 
links such as data bus in computera or switching machines* fhe 
breadth of these applications of optical fibers was anticipated in 
early reviews appearing in PROCBODTdOS OP IHB IBBB The 

rapid evolution from research demonstrat ion to commerci.')il service ie 

in part a reflect ion- of intensive work in many orgarAizat ions overseas 
as well as in the U.S. In part, it is also a refelecfcion of the 
intrinsic soundness of the new art. Barly field exp'^rience with 
fiber-guide systems in England, Japan, and the U.3. yielded esseat- ' 
ially trouble-free operation and unexpectedly few ‘problems*. 

The driving force for putting fibers into long-distance systems 
is low transmission loss and attractive bandwidths. Installed 
cables have shown losses in the vicinity of 4 dB/km at wavelengths 
near 0.82-0.85p.mj laboratory samples of spliced but uncabled fiber 
of 30 km or longer lengths have shown loss below 0.7 dB/km near 
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1.3 system development oljectjves are less than 1 dB/km 

installed. Bor the multiinode fibers now beirivo: produced, dispersion 
1 ini its would permit a. bit rate of 50 Mbit/s for repeater sp»ns of 
at leest 10 km. Larfjer bit—rato distence products should become 
feasible. Bor sin^^le-mode fib.rs a bit-rate distance product of 
100 Gbit km is feasible (from the standpoint of dispersion) for 
a laser system noar 1 *3 inw* Ihese numbers ai'e reflected in so 
much lower repv^atcr costs than for wire-pair or coaxial systems' 
th-'t the system economics for li|!:ht wave is very attractive based 
on voice , traffic alone, and wide-band services would increase the 
a 1 1 rac t iv e ness. 

The Bell Systopi is inst.allinp; a standard metropolitan trunk 
oyst'-m in Atlanta (45 Mbit/s), h'i.s committed a 600 + mile longhaul 
system b'* tween Boston and i’/ashnnyton, DC, and ha,s under exploration 
a tr'-insatlant ic cable systum targeted for service in the late 
19B0's. Plans arc beany developed in other countries* 

The key n'-w conipon''nt3 needed for liyht-wavc systenm arc the 
fib^'TS, the carri: r-wavo sources (lasers and licht-o matting- diodes 
(LGB's)), and th: liyht detectors. 

There are four processes for making the fibers that are likely 
to be used comnerci-tlly: Corning Glass V/orks made the first low-loss 
fiber usin" a process c.-^lled outside vapor-phase oxids-tion (OVPO) , 
ana they -arc still proponents of it, . Bell Laboratories invented 
the modified chemical vapor deposition (MCVL) process which was 
widely adopted by oth'';rs and ’.rhich produced very-low-loss fibers, 
ilippon Telegraph and Telephone Public Corporation has recently 
shown th^t a process they extensively explored, called vapor-phase 
axial deposition (VAL), can also make very-low-loss fibers. Those 

three processes all make fibfrs whose composition is nrastly Si 02 

with relatively small amounts of Ge, P, and sometimes B as dopants 
to alter the ind^x and to lower the working temperature somewhat 
below that for pure SiOg* ®ho fourth process, extensivly explored 
by the British Post Office, uses multicomponent glasses of much 
lower working tomp''’rature so that drawing from a crucible is 
feasible. The latter has the capability of being a truly' continu- 
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ous pro cess and, if the pure start in/-: matrr^aln h con' 
low in cost,’ may prove the least nxrcnsivc . 
and VAD ma'ke the lowest loss fib re, and fx!! omu 

wide 'bandwidth f ib^rs o 


nu i t.ibly 
VOVu, OVPO, 
rilno make 


cable 


P iber^gu ide cfj.ble dc sir’ll uificrs in df. fcaiJ i rom 
design because glass h’S uobnbly ditl 'r' nt m c' 


m- t ill ic 
uif;r»l pro nor-' 


ties than copp t, and b'^cause th'' fiber dw-’lcV' cxc 
(c..allcd micrqbonding loss) if it is diatorrd at noiu 
the order of 1 mm longitudinally. Pr-ss i .i'’’ iraiiact 


nn Iocs 
t. n-'per'i trd by 
't rou'^h nurfaca 


could do this, for example. . ilcvorb’.i. less, by cur*' i'ul inc ' ring 


many of the cable companies ar.i finaing viabl d.’ni/M'j. rjlmllorly, 
splicing and making d.oroountabl.'- conuectora arc n; n" 's that 

are being met with fii^ld~viable solutions. 


Sources for light-wavo trancmiss ion are an inte r-'Ji fc • n'* .aaa 
complicated challenge. Semiconductor lasers ana LSx/'n irc tu.* 
dominant candidates for fiber-guide transn'ins ion, but '.-/ith hi t\ fe 
scope there are numerous options. Lasers arc id' 'd and wo rt’i a 
premium •price hocause they couple pow.'r moro officiuitl./ into 
the .fibers- and because their narrower sp-'ctrnl width radices the 
effect of the intrinsic chromatic dispersion of th' oil. ica fih' rs. 
Present commercial systems for m-:tropolltan area trunks use 0.8?- 
0.85 lasers. Longer distance systems arc also pl.aancd with 
laser sources. LED's are adequate for data links and arc already 
extensively used. Longer wavc.Lcngth LED's can also taka ‘on major 
transmission roles. Itoereas at 0.82-0.85 pm wavf length, the LED 
filer combination yields chromntic-dispcrsioa-limitod syst'ms to a 
bit-rate distance product of about 100 Mbit~km, the second genera- 
tion- LSD~f iher systems n.car 1.3 pm wavelength permit a bit-r-tc- 
distn,nco product of 2000 lyibit kox due to the minimal chrom-’t ic 
dispersion of Si02 near 1.3 pm<. The lascr-LED comparison takes on 

another dimension in the subscrih'-r loop applicetlon. The environ- 

ndontal temperature raWe encountered by ol-'-ctronica used in tho 
subscriber loop is large — which can bo accommodated easily by 
LnD’s but is difficult for lasers. Lasers have an ©mission thre— 
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shold which is inferinsically temperature sonsjtiva, loading to a 
need for circuitry to automatically adjust the driving current* At 
the pr:.scnt state of the ert, this also leads to shorter device life 
at the higher temperatures . vi/hat , emarg''s is a future in which hoth 
jj'^D'3 and las'^rs will be need'./ cl , but for different applications. 

Further laser rescoxch is needed not only to bettor control 
device lil'e, but also to achieve a source with output in a single- 
trensv-'rso and s ingle -longitudinal mode throughout the device lifo* 
Otily with such a device can the Si02 fiber’s lov/ost loss regions 
n>.ar 1.55 p-m be used most advanta,gcou8ly in very high bit rate 
systOQis . 

Detectors for first gen- ration 0.82’-O«85 p-m syst''.ms . a.rc based 
on established silicon technology, and avalanche gain is advaatago- 
ously employed. For the 1*5 and 1*5 jxm regions , very satisfactory 
p-i-n detectors have b -cn made in the laboratory using In&aAa and 
InGaAsP. Th^-ra a, re cxccoa-no ise difficulties (probably fundamental) 
when attempting av.alanche gain in these ms^t':rials. fhC'- preferred 
fomi of receiver appears to be a p-i-n detector followed by a low- 
■ noise GaAsFIS'r preamplif j-- r. 

Gettin" the rr w matcri-^d syet'-ms InGaAs and InGaAsP into 
manufacture for l-’scrs, LGD's and detectors is one of the principal 
pacing elf meats in briufing about commorcial utilization of the 
attractive lone wavelength region. ‘ 

Phe applice.tiona of fib^T light guides in applications, other 
than convent ionf-jl tr'unsp’iss ion arc , often’ driven by other yirtues 
of the fiber waveguide* In com’out'r links, for example, the advan- 
tages ar" frc'-'dom from eavironmc nt-.l electrical noise, •small size, 
and of course bro.'cd bandwidth* Her fibi-r cost is not critical hut 
device cost must b" very low, reliability high, and digit.al error 
rate in the *-■10***'^^ region. Although laser-based configura- 

tioiis hove rt.ccivrd the most attention, LED device performance 
seems closer to nwf'ting the requirements* 

In Japan, .the use of fiber for electric powf^r system super- • 
vision, control, and protection h-'S reached tho oommercisl stage* 
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Horo tbo key features are irecdoRi i'ron' a.icactrioa and noise 
due to the insulabin^^ nature of the niedium* fh- re* ",r.. kn of 
system iu place with 20+km planned. Th'' so U'w-'rn tor stand*- 

ardizat ion" of fib''rs and conn''ctors to f'^cilitatc cof'im rcl'*! p;rowth. 


In the subscriber 'loop, some analog 1 i"ht"'v/'tv» ^»,inf'iaaion 
has b-^en usedj because the fib'r link is co^"bin'd with oth 'r 
analog transmission systems, the co'^t of diait^’l t'.'rr-iinln is 
often not justified. For the longer 'term, however, t^'C configura- 
tion of choice', is likely to be digital tr''’nnr»ins .ion on fej.dfr links 
from the central office to remote i.iterfac-'n when nom' form of 
multiplexing or switching, is likely to be used to a.ilow a plurality 
of customers' to use the large transmission cap 'City of '■ 'C’a fib-r. 

¥o%% AH\ toul -Lt. no- 

vel useful transmission-switching coni igur'=>t ions . 'rho-'c also is 
needed innovation on the part of tho business community to mike 


use of the new broad-band possibilities, fhe growth in ’broad 
band’, which almost certainly will occur at some time, v/ill involve 
changes in people’s living habits. Although the coanumcr will be 
the final arbiter of the attractiveness of such changoB, tho busi- 
ness community will play a key role in offeriip': iv '.t service possi- 
bilities. The subscribor loop is the place whore this action is. 
Against this backdrop of fluidity in the porioa ahcpd, suitable 
characteristics for tho telecommunico.t ions 1 •■’cil it i^s arc adapta- 
bility and flexibility. 


Military organizat ions find fibor-^-uide transmission attrac- 
tive for telecommunications ' and as olcmonts in special applications 
For telecommunications, it is savings in wci.ght and coot that 
fibers offer as compared with cop^^r cables, along with froedom 
from eloctromagnetic interference in congostod environmi uts . 
Exan^ples of specialized applications incluae* hydrophonwe, rotation 
sensors, acceleration sensors, and (speculatively) oven a commu- 
nication tether for a guided missilo* 

Ionizing radiation increases the loss of silica fibers, by 
amounts ranging from many thousands of deciblrs per kilometer 


.'I 
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witbin a inill isecond of se-vors exposure to a fow decibels per 
kilonii' bor, ten or more seconds aft^r exposure. In tbis respect, 
pbobons in lib-rs are Inss rueijf^cd than cl.-'ctrons in conductors. 

Ibc various communicat ions uses’ of fibers req.airc l^scr or 
Liiljj powers no more than a milliwatts, and et that power level 
thv f ib'' rs arc linear. At povners of th" order of 100 mW, sin/rlo-modo 
f ib^ rs begin to show nonlin'~arit3f~SGlf~phase modulation, stimulated 
Raman scabberine;, and st Imulatod Brillouin scattering arc possibi- 
litii.e. For multimoac fibers a laser pow'r of about 2.5W marks the 
onset of nonl in- arity . Such po.wcr levels can be gen'ratrd; wh-'rc 
liuvarity is sought, they must bo avoidgd. There may be th'- 
possibility of taking o-dvantogc of nonlinearity in future novel 
cOiif ieur'at ions . 

The forwe,rd. mom'" n turn of rr^caixih as well as development of 
li'-^ht-wavc tcchnolog/ is gr ‘ab. The feasibility of using what has 
br en call d inb-gr^t-^ci optics in building mult inlcxing circuits 
for singl' ~mod. (and single-polarization) waves has been demonstra- 
ted in bh'. visible V7avcl--ne-th r' gion, and early realization of sin- 
gle-mode polarization-indopcndcnt circuitry is expected. In this 
work lithographic t'';chni<iU'' a , analogous to those used in electronic 
intcgr 'Cea circuitry but including inuovations needed to m<'’et the 
requiratm abs of lightwrave circuits, h-'we b- wi created to make poss- 
ible d, vi lornii'-n b of comrslcx light-wave circuitry for future light-w 
wave nynbrms. Othrr work strives to combin'' light— i\rave detectors 
or soure.s on the same suhstrat*-- with their associated electronic 
dcvices-i.c . , pr' ampl if i‘ rs or drives; h'-re th'^' lithography is 
strai/'htforward but the semiconductor device work is new. Still 
farth r in th^ future, the building of both electrical and optical 
circuits in the same substrate ( In&aAsP on InP, for example) may 
bccomr feasible, leading to monolithic integrated Gloctrical-ont ical 
circuitry which intermix photonic and electronic effects* Finally, 
the application of n' w memory and large-scale integration 'circuitry 
to fib'r system, manufacture, and char actc-rizat ion needs is certain 
to sustain the rapid evolution of this fascinating art for the 
indefinita future* 
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THE USE OP FIBER OPTICS FOR 'OOMvIUlJICATIONSJ, ICBASDREI'DUT AID OOITROl 



INTROD UCTIOIT 

One of the most important requirements of the ideal communi- 
cations medium for high yoltnge environments is the ability to commu- 
nicate between points of high potcxitial and poinba cdF lo'w potential - 
without being susceptible to injected noise or dicloctrio breakdovm. 

In High Yoltage (HV), Extra High Voltage (EHV) and lUtru High Voltage 

(UHV), substations, Eloctromagnctic Interference (EMI) - Radio 
Frequency Interference (RI’I) a/jd ground mat poljential differences 
cause problems ii coliucting reliable, accurate high speed data using 
metallic cabling* As the nameplate ratiiigs and the voltages increase 
the requirements for quality and quantity of data collection and ana- 
lysis increase f To meet these data requirements sophisticated mi'ii aiid 
and microcomputer based Power System Control, Protection and Super- 
vision Systems aru used (1j2,3)* 

It appofxrs that adaption of novel optical teclinologies to provide 
coimriunications systems usiig fiber optics could provide (a) the 
required electrical isolation and freedom from injected noise, (b) 
faster and more reliable data transfer and (o) roduction of overall 
costs* 

This pripur provides an overview with .various systems employing 
fiber optics in high voltage subst'^tions* The overview is divided 
into tliroc major sections: (1.) Communications (2) Measurement and 
(3) Control* Each discusoion inwludos possible advanced design 
consider- 1 ions # 

COM UIIIOAT ions 

This section doalB with coimaunications as it relates to oonventio*- 
nal point to point- data, voice or video interconnections using 
“Free Space” optical or fiber optic liiflcs*. 
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In tho bcgining i'i; was of interest tu see bi/j 


r e- ih ii ity of 


usiiTg '’Froc Spaco" optical linksfor video and da, la ir-.naj; iaoion* 

Ihrcc such systemS 'wore bought rod tested* liie l.u .k .a,.M u IuJ3*-drivc3i 
data sot used -to couple multiplexed data i’roi. the substation yard to 
control house* Ihe socond was a. 5 I'ltiz! video link oi..i Iw.’, .ig i'h modu** 
•lation of a HelJe IaSGr(4) * Iho most rocenb w.n a l-.s^r <1 




bit system* Each has its usosy however j poor vesibilLty v/Hl knock 
this type of systcDi •'lut . Wit x tho advances .Ln fiber optic systems ^ 
the free space approach has lost some of its npporl# 

The following discussicn on fiber optic link lies f» .-.jt divided 
into four parts; (a) High voltrgo to ground (or higli v-lt'-yo), (b) 
test trailer to transducer, (c) relay h>‘uso te c ntrai use and 
(d) control house to power house* Ihe first is pj‘'’h”h'J.y only posslb" 
le using fibers as previous attempts at us In/: r-'dio I'acaucnc Ico were 
not too reliable* Ihe latter tlirco take advants'-c of f Ibex* optics 
portability (very Im weight), imnunlty to SHl/Rfl' and /ground mat 
potential differences, high bandwidth, low jjistailatio.; costs and 
long distances between repeaters* 


High Volbage to Ground (or Hitg h Vol tage) Comruunicat .Ions 

Eiber optics have been used hi iiiglx upei,d (six cycles or Ipss) 
series capaoitor insertioii schemes. The firsb dovxccM instuHud 
were control up-link only* In 1976 a more aopiiisticaled device was 
designed by lOKIA of Einlaid and installed in a 900 kV I'ixic compen- 
sation station 05)*- Hot only was an uplink capacitor bypass command 
channel provided but also 24 (time division multiploxod into thi’co 
downlink fibers) channels were provided to a ground based oonvorter. 
Conventional coaxial cables wore oormocted from tho converter to 
instrumentation in the control house* Ihcsc ohamiela provide infor- 
mation on the status of nine protective relays, seven bi’cakcr status 
points, five signal and power supply chocks, one relay and channel 
continuity chock, and two analog measurements of current channels * 

In addition,, three uplink optical channels were ..inclined to provide 

multiplex address elands to the capacitor platform. This system 
is still in service* 
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UPA hcas recently installed, for test, a Westinghouse ZnOg (Zinc 
Oxide) non-linear resistor on one 500 kV capacitor platform. Its fun- 
ction is‘to absorb and dissipate high energy transients that could 
otherwise destroy one or more capacitor sections. However, if the 
resistor itself is in danger then it, along with the series capaoi- 
tors must be bypassed. Por this test, BPA designed, built and 
installed an energy monitoriig device that integrates the energy stored 
±11 the resistor and issues a bypass command if the resistor is 
dangex'. lo do this it was necessary to measure the current into the 
rosi.stor (using a conventioral 01) and transmit that information to a 
microprocessor located in the control house. For that task a 
525 motor low loss fiber link using voltage to frequency— frequency to 
voltage conversion was designed. It was unique in that +0.1 full 
scale dc to 5 KHz; accuracy was required. The three additional channels 
proTi-dod one volt.-tgc and tv/o other cux'rcnt test readings. Ihe capaci- 
tor p3. atforra v/as tcoted under system fault conditions, met design 
Requirements and has been in service since late 1978. Other 'links 
arc being designed for other plritforms. 

Pest Trailer to Transducer Communicat ions 

Using the u.'.’cino modulation toclmiquc and similar equipment to that 
described in the previous discussion on capacitor platforms, BPA is 
procoedlh/, to redesign the coiomuiiicatitMis links to and from its por- 
table twst trailers. Previously, heavy triax cabling Was used resul- 
ting in (a) difficulties 'in laying out the cables which attach to 
various prooision transducers located throughout the high voltage 
yard and (b) problems of gromid isolation. The ground differentials 
may exceed several thousand volts during fault conditions, v/hich com- 
bined with induced Blvll/RFI coupling, pose problems with 'accurate data 
collection and interpretation. Ghajaging over to fiber optics and 
utilizing batteries at the transmitter site,, in addition to good 
shield ir^ of the transmitter, eliminates the problems with ground 
differentials and induced E-il/EFI. Fiber optic cable reels weigh 
only pounds as coDipnred to the hundreds of pounds .for triaxj thus, 
storage facilities aadlaydown times r.ro minimized. Two different 
systems are in the planning stage, both at jjK) .Inaccuracy 5 one with 
s response from do to 40 KHz and the other to The intorfaco 



miits Y/ill be dcsigtiod to allov/ for r. vriul''; «'!’ iL; , iriwt.'j 
iiicludo Oapp.citive Potent ini ^rr'na.rornero (nPT’r;), I'miie- 

formers (GP’s), wirOv/oiuid Potcrbinl Tr .nriJ’"!";--:-;. irwesurc 

and temper;- turc transducers , etc . Thu abJli. l.,y l;ti r i.i i;'se i'l.hui.* 
optic cables directly to liigli volt.ugc nx'Qos is an uUvaii','! :o suit 
possible ?\ritli the triaz cables o n,f 

Relay Houso to Con t rol Itoiu jc doii i/nun.lcatio m 

Substation cable tunnels a. jd ducts pui.nt; v//. i,i i luu 

switchyard and the control houso j can be fa Irby o/punaivu* Fiber 
optics with their inherent ability to cor.biuu.ci-h.e -.t bfuidv/.Ldths, 

while ro quiriiig 'very little spt«o, arc expected bo sir.na 'Mcantly 
reduce those expenses « 

BPA is using sophisticated n.lniooi.ji-uiier ba;:.,d sysUn.' to handle 
largo ciuiintitiGS of station CTcntc dutuo If ronabo „.aLb i jl-nLors 
-LOcat'.^d in relay houses, in the yard i.no ufa.cly fievi* Oj bi.uo etciu ])ro— 
Tide noise humuno links to control iiouso 3ub;it:tLoii XnU,:r,.lcd Con- 
trol Systems (SICS) with much less cos'ily duct./ork* p.PA iiao oxpori- 
onced no major problems in pulling fiber optJs fir,bi.,a t} rough oxist- 

ductj'forks as prosout day fiber cables a ro vory v;o'l.l oountructud n 

I 

■Q.Pg'fc.^ol House to Po'.verhouuQ Gommunic' it ions 

BPA substations arc often located near the liydrocJ cctrio pov/or 
houses or thermal gcncra.tion plaits « Large (iuuutitloa of soctux data 
arc needed to and from these po\/cr plants . The more con.;., on dni.n links 
have been hardwired mult ioonduc tor cable and microv/uvo coi:i;.;i.uiiortt.ions 
systems. ^ The caacs, at times, ere plagued wibh noi.ae and lai'go 
ground differential voltages. They aro also bandwidth Ihuibod, ex- 
pensive and very difficult to install. Microwave i.Lilco, wltliout 
reflectors,, arc lino of sight only and arc subject to r.txpuoiicy spec-, 
trum availability. Incorporatii-jg‘ fiber optics would allo‘w for awiXly 
unlimited bandwidth grov/th,^ ease of install rt ion fund froedom from 
noise and ground differential vol-i^gos. Repeater spaoinga of up to 

52 are feasible p. Cables with internal strength moiaborO' (messengor) 
aro available for ovorhoad routing*. 
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Thia topic is probably best soparabod into two ports i (a) 4ictivc 
(light source andi' oloctronic raodulntion at the mGasurement- si^c) and 

Ibii Optically passive (exclusively dielectric at the measurouiertt side) « 

Moasiirememt Using Active Tra n sducers 

One of the first systems using optical waveguides at BPA was the 
Allis-Chalmers *'Traser”' current transformer. This unit was tested in 
1963 and was designed to mcasui’e current on a 230 KV bus. Using a 
toroidal winding around the bus, a small representation of the line 
current was used to frequency modiilato a light Emitting Diode (IBD) •. 
This lED was close-coupled to a rigid, cleddcd glass rod which was 
dielectrically connected to a photo transistor and demodulator some 
six meters away at grouid level. The overall concept was sound, hov/— 
ovur, ixi the event the lino was faulted the power supply, which relied 
on bhc bus being energized, could not become useful in time to enable 
the modll-atoi' to ia'ovide edoquatc inf orm-ition to link protection re- 
layc. This was a serious problem. It v/asnH until 1978 v/hon Westing- 
house, under EPRI fundiig, iiistallod for test a modified adaption of 
that device hi a BPA 900 k? facility for evaluation purposes. This 
device had a stirtup time of 100 pS or bettor (which is fast enough 
for adaquate protection), utilized Anaiog/Digital (A/D) conversion, 
realized n 10 KIIz bfuidv/idth and provided an optical P-ath using low 
loss’, ruggodised, graded index fiber optics continuous from site to 
control house (’iOOmeters) . This technology is important as it-offors 
possibilities of relief from tho usually bulky conventional CT,„pro- 
vidcs better dynamic current range and frequency response. -In tcimis 
of dollars it moans lo’./cr construction and installation costs, ospe- 
oially ns it relates to 1200 kV instrumentation. 

little work hasbecn done in voltage measurement using similar tech- 
niques* Hov/cver, it would ¥0 quite possible to employ fiber optics to 
eliminate tho use of metallic cabling in the semo mahner* A divider 
(resistive or capacitive) to ground would be required which still 
loaves the problem of q bullsy,. expensive support dovico • Other, more 
sophisticated mothods of mcfisuring voltage and current are disoussod 
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in subccquont paragraphs on optically passive dev Lee.. • 

Other applications vfhich OKiplo'y fiber Oi-liCM ijvM lue < 1 / 3XJ ct^iw 
vertor valve control* In such a device a.n Oj'li.c-l .^./Sne', coi,»..u' nds a 
positive pulse' bo applied to a conti’ol /jrid '.ailcii co;i,i-e i;''C tne , ^ 
negative grid bias voltage thus tri'v.ci'hii , the Vilve* .'.wj'e a 
number of such devices used in the Pacille In'>.rfcJ,e, +400k» hO Conver- 
tor station 'irt; Ooliloj near Dalles y Oregon* Al.'iOy rni exp'^rlin^ntal 
Hughes-designed metallic 'return transfer br.nicej" s in- ■ lied. for. . 
test at thG'OoLilo DO facility vdiicl! utiiincs f iiu.r oi L«:; for vol- 
tage and current measurement in con;iunct yr<t}! erv; (.at i irud OPf 

i 

and Hall effect device .transducers • ■ 


Other parameters to be measured wifchin a hV freiXity ray Include 
temperature, pressure, positioml status, fi.r.ld ol.reu'th ' ttd yr,s or 
oil composition or level. It appears that nil ju'eaent jr. J/ txis oC 
making these mes'suremonts could be adapted to employ r:i>er ojitic:; 
providing there vms power available at the situ to nui l:he trv a inducer 
and modulator. If power is not available or not pra.ctic.-l, e.g., 
measuring temperature deep within a transformer, v/lrev/otuid OPT, ur 
breaker, then a more novel appro.ach may be to i>ov/s.r the cii'cui.tVy 
7/ith light derived power. In one approach, .the photoreception pro- 
perties of a liED could bo used. Assuming that it is i>o:3u.i til., to t,Line 
space thc» transmitted message, nn optical sota'ce r.t the teriiiinaJ. end 
(i.c*, IiKD,H), HoHc Laser, etc.) oould be used to tr.-uiumit cnou^'h 
power to the site to charge a storage and regal 'ft Lon device. Then at- 
a timed interval (G.g., triggered at the absence of the po'ver beam) 
•the trailed uccr would send -its raosstigc via the LSD into the fiber 
optics to -bo received and decoded at the tenaiiu',! and. V/ith fiber 
losses' very low and responsiveness approve king 0*5 ampere s/v/ntt r 
very efficient pov\?cr transfer is possible. Of ceurao, us Lvg a. -aepa- 
ratc photodiode and fibpr optic channel would also do tho task. 


Mgr-suroment Using Optically Passive Dcvieca 

In tho ideal system no olLictronics at the mef'Suromont site would 
bo, best* Iho ontlro link outside the control house, inoliKling tho 
transQhcer,. could be d.iclcctric, avoiding the need for power supplio® 

shielding and circuit maintenance* In 1968 KPA began looking into 
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such an approach. In 1971 practical methods of doing this v/ere des- 
cribed and by 1975 a prototype v/as designed, constructed and tested 

in several 500 kV ac facilities and one +400 kY DO facility* Ihc : 

system was a non-contact voltage measurement prototype system \vhich 

used an electro-optic crystal intorogated by a laser beam. While b- 

this prototype did employ electronics at the site, tho dielectric 

sensor was djomplctoly isolated one motor distant. The sensor used 
* 

was KpP (Douterated Potassium Dihydrogen Phosphate) and its dynamic 
optical properties v/crc tho result of the Pockcls effect. It essen- 
tially measured the electric field and thus the voltago on tho bus 
could bo derived. Phis device was designed as a method of detecting 
high speed (200 ICHz to 1 fUz) transients for use in automatic fault 
location 'equipment and used a digital fiber optic data link from 
yard to control house. 

Earlier in 1973 a materials search v/as _ conducted through a contr* 
act with the Oregon Graduate Center (OGC) - Beaverton, Oregon. This 
contract proved voltage, current and tempornture monsuroment, could 
be pcrfoimcd. (6, 7). The results was{ prototype installed at a 500 
kV facility in 1977 v/hich, using completely dielectric materials at 
tho bus level, monnurod the voltage, current and ambient temperature,. 
This v/vcs cjtjaasficd as a "Proc Spree" device (as was the former device) 
in that interrogation sources and detectors, including analysis elec- 
tronics, v/cro loc''tcd directly below, at ground level ('approximatoly 
seven metres from tho bus and sensor modulo). Attempts to integrate 
fiber optics at this time were not made due to the unavailability of 
proper low loss fiber optics and sourcc/dotoctor coupling mechanics. 
However, a prototype voltago, current and toraperaturo measurement 
system using loiig (up to 1 kid) low loss fibers is being designed aM 
constructed now (the sensors being supplied by the OGG, the I'ost of 
the system by BP A) # Tests of tho prototype are scheduled for early 
1980* Pigures 5 and 6 show block diagrams depicting this appro .ach. 

In addition, n portable B-Piold measurement device will bo constru- 
cted to allow for quick field strength mapping instrumentation with— 

* 

in p.ml around energized facilities. This device v/Hl employ K DP, 
however, Lithium Niobato (liNoO^) , will bo used in the high accuracy 
C+ 0*1^), high bandwidth (up to 1o -Iffiz) bus voltago measurement 
sensor. In the current measurement sensor, (same specifications) 
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exhibit dynrauic optical nbsorbtiono In bhis technique a material - 
(i.Co, s'olcl eloped ruby 5 YI&, etc*) ic intcrro 2 ^''tcd by a Irscr bean, 

Iho terapcrrvfcurc chmif'c intoneity mcxlul'^tr-o the inbound .liyht T/hich 
ic detected and linenrizv-cl rcnotly* 

The teiiiper: turc mef^suremoiit device by iteeli v/ould also be useful 
in otJier applications such as IIV transf oimicr overheating detection^ 
Resol-iitlons to 0 * 1-1 0 aro possible*. 

Measuring other conditions such as positional status, pressure, 
liquid level, density, and possibly even gas or oil composition or 
contamination,, are possible* Several ideas are 'Shovm in P.Lgui'GS 9 
and 10 to illustrate this point, figure 9 shovirs a scheme in vdaich 
pressure could be measLU'ed . Pigiu-o Id sliov/s how a 500 kV disconnect 
switcij could be monitored for positional status^ 

■ CONTROL 

Poriiaps a more diCf icult t/ sk than the_ measurement of variables 
is tiio oonbrol of devices* Here the advantage of the” comforts" of 
the control house for optical detection are. gone and replaced by the 
noisy, dirty HV environment* fortunately .most control funotions will 
not rcqtLlrc the large bnndwidths and risetimes required in measure- 
ment so detection amplifier c.aii be made more immuno to noiso » 

Jkt liEAf control using optics hes boon demonstrated in various 
devices including, iirif^qcr fiuicbloiis on ITV AO to H? DC convertor 
valves, (ASIA-1 96B) HV power circuit breakers (fUC-I 1/2 cycle, 500 kV 
breaker - .1974) and in insertion of scrios Ocapacitors at line compon- 

^ S u j0i8 ' 

sat ioas/ (Nest ingliousc - 1968, NOKIA - 1976) f All such devices use 
energy derived I'roiii tiiu HV p3..- tform to powur reception, analysis and 
trip electronics ?1 tiiu site* 

The dos.lgn approach for Optic.ally passive control systems (comp- 
letely dielectric) is not immodiaboly obvious at this time* IPurther- 
more, the ujc of optically active components for control does not 
appear practicc.l because of the unavailability of ultra— high gain,, 
high power photo*-!3CR^ s and THIAO's. . , 
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One rr.thcr InterGsting control applic- fc.Lon i;h‘ t n o buoii din- 
cussod at HPA is the uso of a onoryy l'’.oci' be t..i lv< iulciitioiirJLly 

cause a lino to ground fault for lino dovioo bo-.j tiug • At pres-* 
ent there are three normal methodo for in,tcntio3.U’.ily cr.uoing a pov/or 
fault;, bolted (closing into c. fixed ©trap froia lino to gi'oiuid or lino 
to line),, swinging wire (wire with a deadwol;ht sot; '.tp to i'r.li into 
a liic with the tug of r. rope); and the use of a orunsb.ow— ju'ivw and 
’Wire® Bach has olcmcntG of danger, x’cciuirvu extensive ti.r'jo to oot 
upj, is. not totally reliable, .-.ne o-.ch has the di.’av/bf'.cl uf not being 
able to choso where on the voltage or curront vvr ve the • re will bo 

initiated. Usiig a high energy laser beam, coupled thr-.m/d; ultra 
low loos largo diameter fiber optics, directed t.) the onorgiiiod bus 
air (perhaps with a dopant gas) can be icni/.cd (up tu 1 meter) almost 

instantly and ornductioii to ground iri'-do ''t .'ny point in the e*yclo.-- 
This could be valuable in -worst ease tcsti.g oi’ new power e Hnipmont 
liio char-actcristics , aautom^’tic fmeLt la.c'''.ti-m otiulpment, cto. 


COMUSIOh 

Wh.en the magic number of 2o dB/ll! atbenujitlon (now approach iig 1 
dB/MvI) was attained ii fiber design, it became apparent that fiber 
optic cables could play a significant role in future oubotation 
design plans.' After industry solves existing problems, such ao field 

splicing, universal connectors, more efficient LoD's arxl IBD coupl- 
ing, longer lifetimes on laser diodes, and v/hon designs on optically 
passive transducers are tested and porfectod, then the unique advan- 
tages of- this technology will be available to ongiiicors in tiolpini? 
them reduce costs and provide more reliable coiwnunicat ions, moaauro- 
ment-» and control service within high voltage substutioiia#. 
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HIGH ypLTAGE TBANSFOIMBRS ’ ' 

Tho 3 Eie has been a .tremeiidous increase,, in' 1:lie< uhit sizes of ■ 

transform Cl'S in the Ir-st 30 years., Insp^'fctT of ‘'‘the-tfact .tiiat .the ' i . 
basic materials have ■ remained unchanged, a bet.-.er understanding and 

better developed technilogiefe have contributed to reduction in 
weight pel' IN A and improved effieiency. For example, > ORGO, wds 
availaulc in 1950s. In those days, to utilise the grain orientation 
of tids material, cores were built up as shown in Fig.1 * The :lamina~ 
tions were secured tiarough bolts and the flux path round 'these- holes 
and the corners is as shown. In a 3 phase core, corners weigh 25 to 
of the total and with the flux pass dig against the grain orienta- 
tion,. the iron losses may be upto twice the normal. In modern design 
o o 

the 90 joints have been replaced by 45 joints as shown ±n Fig .2 and 

the niunbcr of bolts have also been minimised. In order to permit 
in tcrlciivin/.^ they are arranged as shown in Fig .3 • The study of 'the . 
electromagnetic phenomena of such a structure is quite complex . For 
accurate analysis, the flux distribution is needed. “This hXiS been 
studied throu/.'h an analogue employing an electrolytic tank. ¥c arc 
all familiar with the usefulness of the latter in high voltage 
engineering. Coiiiputer simulation has also been employed to calculate 

the flux d -stribution. In soire modern designs the bolts have, been 
dispensed with altop;cthcr and the core is hold together by resin 

impregnated glass tape, which is heat cured. Such cores' arc not only 
magnetically superior but also mechanically. The achievement can b'e 
Imaged by the fact th. .t using the sar.ie core material and flux density 

the iron losses have been halved. This has boon accompanied by signi 
f leant noise reduction also. 


YflHDIiTGS ' , 

Results of advancus in windings, iiwc also been quite 
spectacular although conductor material as Well as insulation have 
remained virtually unchanged* Design factors that are critical are 
differexit for l.v./a.v. transformers and h.v_. transformers. From 
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the point of view of the windinf^e of hl/'h vol.', -'o *.i‘' n,:i orns.^ra, the. 
moafc critical problem is iripiilao rcaponao, v/’-ilch !;: t;r'irmicnt ros* 

ponsG. The windinr^s for this piirpoac utc ro!.r;..!cntod '.a followss 
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Each section represents one turn ujd the piu'eme^u-t a in each acetion 
arc equal. >/heii a lightning/awitchii'.jj aiu’t.c aLrikea it, the i'ront 
of this- iinpulse voltage is like a quarter cycle uJ’ u a umaoidal v/avo 
of very high frequency. Inductive olej.ion.e ;uif.iei; ;.vich coiiditions 
offer a very high impedance and luigo cuA'ronte .'lev/ tui'uiq.j. the 
capacitive network. K the ahiuit oapacitjmcu, ropruu'e.;). lu/; tiic capa- 
citance between the wiiriding. aiid core/oasing, vvei'c nbueuti the voltage 
distribution would have been uniform* Tho actual voita.-.o distribu- 
tion is as shown in Eig4*. Thiois the initial voltage diutribution 
as shown in Eig* 4(a). The voltfg.o responso with reupcict to time 
goes through osciil-^tions, when tho volt’tgc m»"'y read; inoro than 150^ 
and the final value shows a uniform V-diafcrihut ion. 

A disc type of winding gives higiily iian-imifom valtogc 

distribution, as shown in ?ig.4. Tldn type of v/indiiv' h'uu nmi^ ad- 
vantages as follov/s; 


1 . It ‘is comparatively easy to direct tlio I'lai or oil throu^^h 
each disc aiid the tcmpcmtui'e rise i*i the wLifdlni,; can bo 
minimised . 

2, Mechanically it is easy to, build aid is robust* 

3. There is no need for inter-layer iiisulation which also fuoilitatos 
the production of a satisfactorily rigid and adequately braced 
winding* 

4* The .space faotew is higher. 

5* Better, magnetic balance, can be achieved ewd ^ the oalouuLation of 
reactance . is simpleaf * ’ . 
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In thc'abavQ casos the shields ha-ve been appliodto reduce the 
shunt capacitance. Instead, it is aiso possible to change the to1~ 
tage distribution by incrcasinf the series capacitance-. This can 
be done by connecting capacitors of suitable value. If it wore pbss- 
.iblc to connect a largo nuiabor of such capacitors, linear distribu- 
tion can be obtained . ■ A more prncticfil method of increasing tho " ' 
scries capacitance is to interloayp tho winding. This is done both 
radially ani axially, as shown in lig. 7* In this cose the (degree . 

t . , 1 I 

of improvement' is a function of the extent to 7/hich it is considered 
advisable to distort the final distribution or to depart' from tho 
uniform steady state distribution. 

In interleaved ?;inding the turns which are connected conse-' 
cutivcly in series are physically not adjacent to each other. In ,, 
the figure a typical v/inding is shov/n. The turns arc v/ound as a. 
double conductor with tho second set of turns connected back in 
cerios v/ith the first. In this v/ay the series capacitance may bo 
incre.-sed more than lOO times* This may be done either for a part of 
the winding or the v;holc winding. Hov/ever, this also increases the 
normal povifcr frequency stress since a higher a.c. volt;'.ge appears 
across a'd j acont turns. As in other aspects of design, the advantages 
gained in transient performance have to be traded off against steady 
state performance. 

* The transient voltage response of the winding is a function 
of the ratio . 

shunt cr-pacitmeo 
sorics capacitance 

In the days of early development of tr'insf omers disc, windings were 

extensively used, v/hich were susceptible to impulse failure. In 
’ » ♦ 
case of small low voltage transformers the shunt capacitance is 

relatively high m.'Acing the response poor. On the other hand duo to 

larger olo a, ranees of the high voltage windiiag wj?.t. the oorc and the 

low voltage vrindiiTg, the shunt capacitt*.ncG decreases*, lUe' to the 
increase in radial depth of larger capacity high voltage transformer 
tho series capacitance increases. This gives an inherently improved 
transient roe pons© *■ 



TtiG d iSGdv8A"bEg0 of o dioc 14111 it ii*4'tiXi4Ci voltsgQ 

rGsponse is very poor Biid its coiciiicit ion in rd.A} i,iorc dilliciilti^ 

In addition, the radial clearance bctv^tui viLncLLi;::? ifj quil.e largo 

^ » 

t ^ 

for high voltage transformers* 


Ihc voltage reeponoo shov.'s In f-he 

first few turns take almost the whole voIt;/*:o, 
turn insulation is available to withsti'nd i;* 


nxi' 1 rl Ir- ct ion the 

t'or v/hieh only intcip- 
To r.iluet. tlrir; elect- 


rical stress it was thought nccosoary to pj'o^ide t'licki r in’nilr.tion 
in this rogion. Hov/cver, the consequently Imr . ued ui.-;: reduces 

series capacitance and thcrc-by the trnnaiont voitige r incre- 

ase* A better solution wQ.6 to reduce sluuit cap ci,tenoe by ttic uso 
of shield o » 


. For this purpose radial shiclde aloao are not v* ry uuoful, as 

shown in Fig* 5(a)* Addition of partial axial uhieln.* ie very effe- 
ctive in pushing further the cquipotontiai iineo uhuwa rh'tied in 

Fig* 5(b), and the voltage pcrforiiunco is ver^ much iMpruved • If 

» 

full axial shields arc provided in addition to uhioldu, as 

shown in Fig, 5(c)f almost Meal voltn(;o distribution can be achieved. 

• . « 

In the ease of a layer typo of windi^it, the ai’mni.cjacnt of the 
layers and equipotential lines aro shown in Fig* 6(a) to (c), fho 
voltage distributions aro shown in (d) and (ci) acrona or, oh layer and 
across the winding respectively* As cmi be soon fror.i thaoo the 

voltage distributions are better than for disc tyi^o of windings# 
However, this voltage distribution is also far from ideal * The app- 
lication of shicldscan effect an improvement in It for Ir^ycr type 
of windings also. In fig* 6 (a) an axicl shield has hrnn oonncctod 
at the line end* ^hc corresponding initial distribution of 
electrostatic field is shown in (b). The voltngo distribution across 
each layer is shown in (c). !Phis is distinctly ir.iprovcd froM the 
previous case without a shield* She voltage distribution cun bo 
further improved by connecting a shield at tho oarth end also as 
shovrn In (e)* fhc equipotential lines in this caoo arc shovm dotted 
in (f) and tho voltage .distribution is shofm in (g) and (h).r 
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Conduct ora. 

In the Gnae.,^_qf large current ratings. of transformers it is 
necessary to take stops to reduce the stray load-losses* I'or this 
purpose it is necessary to^ase continuously transposed multiple strip 
conductors* Within the area of the core v/indow occupied by the 
v/indings, the majority of the leakage f lun is parallel, to the Y^rinding 
length. Ihis results in stray eddy cuiuent losses in the conductor* 
T/iio loss is proportional to (a b ) where a is the total number of 

radial conductorsin the winding and b is the radial depth of each 
conductor. Therefore reducing b has a substantial influence. In 
this case it is also necessary to equalise the induced o.ra.fs* in 
each strip so that the losses duo to circulating currents can be mini- 
mised * This is achieved by transposition and each strand is insulated 
with a thin coating of enamel. The arrangement of conductors has 
been shewn in Fig. 8‘. 

Bloc tor-mechai lie al Forces 

From the point of view of system- operation it is desirable 
to reduce transformer roactaiico. The lov/or leLmit for 500 to 750 tWA 
ratings is 10 to 129^* In such traaisf •.<rmors very high current v/ould 
result in c 'Sc of short circuit... The radial electromechanical 
forces arc proportional to I and these forces ai’c also gctt.i.ng cri- 
tical from the point of view .^f desif-^n. In order to solvv.. this 
problem two appro-'-’ches r.rc possible: 

1 • Develop la? toriais which may be able to v/ithstand 
these forces. 

2. Develop v/indingc to reduce these forces. 

In practice both the above methods have been pursued • . 

Shell typo of C'> lotruction is superior from this point of view, which 
gives higher axial stresses and lower radi£\l stresses.- 



[gesting of Tranggormers 

In the Gariy daysif tho fcrauitfuimr mia^r uut ;:avt « Jcink 
in thG oaoillogramn of appliod voit;.(’:uj tin; ti' tnui >. .u:i»id.'.t,ion 

was ooiiSidG^od to be faulty* SoEiotimco tho covur bl«w » ’■/hoii 

it was considorod to bo dcfiiiit&ly faulty* jiuv/av<.r, tSiuix Jaay bo 
a fault ovGii if nuno of the abuve is ubuox**/ud* U i;: i'i.cv.|;aisod 

that OGclLlograinsof noutral current or vcifcri^.:v.n ti‘"i:o.rerred U; other 
windings aro good indioators. The latter r-ro very ncuoitivu to fj'ults 
within the transformor. Now ono ioviko for nuy clirn/.^e ui reojiinv.io froi, 
the predicted response within the first fov/ raicro-sec ndn . 


In those looturo a few important fret .rs j.n tb.c o.-ne ■'f large 
high voltage transf onners have been diocuuued* ft v/U l ]>f, ir, jx’dcr 
to summarise the dovolopmcnts which have o ntributed rr* rtiy t' the 

manitfacturo of those 


1. Understanding how flux flows in complicutcd Ourou* 

2. I6id erst and ing how leakage flux flov/s uromid 

3# How forces arc developed as n result uf these leuk-igo fitxxes 
4f* Bcvolopmentsin windirg design* 

The achievement can be guugud frera the fact that ir: mid 1950S 
the M?A per active ton of a 120 bS^fA unit wr.s 1 *5* Now It la r or 


-more 
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Per-unit field distribution in long rod-plane gaps 
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G-ap factor for various couf igurat ieias (positive impulse 

' 1 2OAOOO |iS) / , ' 


Configuration. ‘ 

i^**-**.-*^ - 

, • k 

Sod-plane .• '1 

1 .0 

Rod-rod (h = 3m) 

1 .3 

Sod-rod (h jk 6m)',\v 

1 .4 

Conductor-plane 

1 .15 

Gonductor-rod(l. = 3in) 

•uep . 

Coaductor-rod(li = Sin), 


Sod str^^tUre 

1 .05 

Oonductor-strucljure ; , " 

1 .3 

GondU'Cto r-windo w 

1.‘2 






(b) show* 45*® <(isploc*4 mltro 
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(a) Winding arrangement. 

{b) Initial distribution of Electrostatic Field. 

(c) Envelope of axial mid-coil voltages. , 

{«?) Radial distribution of voltage in Line Coils^ , , 

^itiaX jbg^olse voltage dlatribatloa ia disc wiadlzig 
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(fl) of Radiai’^ield. 

(b) Effect of Radial Shield and Farital Axial Shield. 

(c) Effect of Radial Shield and Complete Axial Shield. 

tig.J of fillielili oa di«o wSadlaf 
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LAYERS 
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(a) Winding 0rr*snEcmcr.t. 

(b) Interconnect'.?! of Layers. 

Huttbi uouitiuiion of EjftvuOSitatic Field. 

(d) Distribution of Voltes^ across each Layer. 

(e) Distribution of voltage across Winding. , 


Ii9kf@v typ® winding witlaout gliioias 
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(o) Winding arrangement 1 

kb) Initial distribution of niectto'talic I icld \ 
U'i DiMjHJu'ion vf Vf.i-riw across each l.i.ycr ( 
id) Distribution of voltage across Winding ‘J 
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Line Shield 
■ Only 


(e) Winding arrangement _ 1 

(/) Initial distribution of Klectro'^anc I'lcUl \ 

(g) Distribution of voltage act 'SH each Layer ( 

(h) Distribution of voltage uctoss Winding 


Line and 
Neutral Shields 


yi«.7 Ii«y®r type ^lading with ©hieldg 
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MODSLLINQ Aim'D SIMaLAglOI OF HTPn jjINES FOR IRMSIEiTJS 
MROmCTIOH : 

The use of HVDO transmission as an alternative for long dis- 
tance bulk power transrD,iss ion from remote thermal and hydro plants 
as wall as for interconnect ion of power systems is on increase. 

Ihe plann ing^ des ign and operation of the H7D0 line requires a de- 
tailed study of the steady state and transient behaviour of the DC 
link and the interaction bntwcon the AO and DO system. 

DBSCRMIOI OF DC LINK ■ ■ . 

Ihe schomatic diagram of DO transmivss ion link is shown in Dig.l 
Ihis shows a- typical bipolar link with ono 12 pulse converter unit 
per pole. Normally the two poles carry oqual current and the ground 
current is zero. The major components of a HVDO link are dnscribod 
b(;low. 

1- Oonvortcr : Tho basic convertor block is a three phase G-raetz 
bridge shown in Dig. 2. The valves carry current only in ono direc- 
tion and tht:y arc made of thyristor olomonts in sorie A valvo 
can bo turn, d ON into a conducting state by applying a gato pulse, 
whenever the voltjigc across tho valvo is positive. The valvo 
turns OFF at current zero. However a certain time .{of the. order . 
of few hundrf’d us muct elapse before it can regain its forward 
blocking capability " The average DO voltage across the converter 
can bo varied by changing tho instoat of the application of gato 

"a 

pulso in relation to the sinusoidal voltage that appears across 
tho valve boforo it starts conducting (called the commutating 
voltage) . 

♦ 

2. Co avert or Crfntrol : The* block diagram of a typical converter 

control system is shown la Fig. 3* This consists of current control- 
ler, extinct ion angle controller, tho firing anglo controilor. 

The rcfcronce of tho current controller is derived from the slow 
acting power and auxiliary controllofs. Normally, the ractifior 



KKp-a 

station h’is currmt control and the invert, r ist ibioa h'ln oxtluc~ 
t iou a,£xglo 01 * Yoltni^o control* A sirooth traiio it joa It tw<' i n tlio 
two is foasiblo* 

Ihc ON-load tap changiriio: control of the coav- rt*, r transformers 
allows control of firing angle, .at the rvictii'i r -ad hC voltago at 
the invertor. Howov^-r, this is slow control -ad can be argl-cted 

in tho t rans iont - period . 

Ihc firing (gato) pulso gomratioa is h';Of d on the uqaidistant 
control sohomo where either the frequency or the. ph'vio of tho 
puloos is a function of the control volt>'igo. 

3* Ooavortor transformers ; Ihcsc art; o ingle phane or throo phase 
units ccnnoctod in st.ar or delta and riupplv" tho conv rfcnr bridges • 

4* DG line ; Is analogous to a two phase AC liar with mutu-JL 
coupling (both elect ro.st .at ic .and olactrom'ignet Ic) * 

5* AO Palters ; Tuned end high p'UvS.s flit-, ro arc used at tho con- * 
vertcr AC bus to filter out 11th, 13th and higher order haratcnlc 
currents . 

6. Smoothing Reactor j Is used to smooth the DC curr(;nt and protect 
the v.alvos ag.aizist ovcrcurrcnts during DC Lint faults and commu- 
tation failure* 

7 * Protect ion : Otercurrent and line fEiult protection schemes lead 
to blocking of the convortsre. Arrestees arc uned to protect 
against overvoltages . Present practice in to uso gapless zinc 
oxiao arrestors across each valve; and across the pole* 

? ,d?-.t.er8 : Tuned and high pass passive filt\.rs aro usoa to 

filter DC harmanics. 

* # 

: Ihc VAR requirrments for tho coa*vorts- r station are 

met by a comb iaat ion of AG harmonic filters, swltchod capacitors, 
synchronous condensers or static ?AR systoiaa* 
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URMSISMTS IS DO SYBPM 
The,' no o,ro cauocd by 
]„ DO 3.ino faults 

2® •AC lino faults that caxi lead to comrout.at i.ori fajCLurc' and 
shut down of DO link 
3® Load rcj-rction 

4* BnJTgizat ion of converter transformerB, f jJLtoro 
Blocking and deblocking of convertors 
6» Convertor faults such as misfire 

Some of the problems that can be caused by the trans ienbs are 

given below: 

IhK' inn:; to ground fault in one of tht; polos can lead to a 

largo tra.ns iont overvoltage on the health:,'' pole. Thn design cri~ 
tcria for the 'xir clcaranc's of a. bipolar Inno arc often dictated 
by this ovorvol.t age . 

2. The transfornu^r oncrgisiat non (with blocked converters) .can lead 
to loiig dur-'.tion dynamic overvoltages caunod by saturation and 
inrush ourrenbo. The o-r'- particularly predominant when the DO 
system is cuinect -d to a livhtly danip.'d ,AC system such as isolated 
genr, T'lt i-'n* 

3. Self oxcit'iti'-n can arise duo tin the interaction between AO 
filters aiid the ioo'latcd goueratcr when the converters arc blocked. 

4. AO faults and blocking of C':nvi rtoTS (without by passhig) can 

!■ I'.a to in3'cti(:*n of fundam.'’tttal and second harmonic AO V'lltagos ''in 
the DC line which is lightly damped. 

I! itghest ovi''rvoltaro3 can occur in the caso of prolonged mis- 
fire at tho invert r v'.lv.-s. Large voltage .and current oscillations 
on the DC lin; m^'^r cause current extinction at the inverter and 
oovcrc ovr, rvelt Mg."’ overshoot due to the. rectifier continuing to 


ford energy to the system 
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MODSLLBTG OF DC SYSTEM 

TTicr© ar© two appro achon to n ^r'll '.I- “• { 1 ) utii.i/; phys3cf\l or 
hybrid siinal.ation usanff H¥DC 3 imal'’bnr, (?) ui?iu'r ai/zital simula- 
tion. In what f^llowB bho second -‘ppi* cami-. r. d. 


Oon'vertor Model ; The m"'clols tkiDeiul en 
quired to simulate a particular ph'''U'W:i 
creasing complexity, these can be list'* 


b’l d. gr ’ ei tall ro- 
iif.nu la th', order of la- 
d o0 follows; 


1. Yoltogo source that lo defined no a fuiicfciu* of tJr.K . 

2. Controlled volt^go source in series with a roniatanao. The 
magnitude of the rolt-^gc source la Ur.t'’rt'.''in''d by th' 

which in tuiti is dotcrroinncl by the control oyntor.u 

3. The •val'ves are modelled as controlled swihehoo. The nwitcb is 


closed at the instant determined by the control system nud opens 
at current zero. The grading -/damping KG circuit acnjna tho valve 
is represented for simulating high fro qucacy behaviour of th*' 
convertor. 


4-. Controller ; Tho knowledge of th<’ trnnof'r function of the 
various blocks in the convertt-r control f5y«itom can bo ue d to 
simulate the controller response to given inputs. 

5. Convertor Transformer s Apart from 1, akofr© inductnnea and 
roalstanco of tho transform.-r wiudingn nn accurate rcprf'ncnt atioa 
of the magnetization charact :-'rint ic is ';n^-fitial. 

6. DC Line: Tho dc line is olth^T mode'll ‘d as a lump d para- 
meter line with a number of pi-BOctioru 3 or as ri distributed para- 
meter element * Th© two modes of propogatiun - ground ana pole- to 
pole have to be considered with different volooitl-s aiid 
attenuations . 
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F 11 1 rs • i.n d Rr ac t o r 3 : Th' n- '’rr r' f»f ! 4r' i' 1 r/'-iits 

f ,v 

¥ith noal ju..nr ch*'r’ict' r.lotlc ii' ''u'* 

la aciciit jon, tb ."-.rr' cl; ■ *■ ; - i ; ! ■ ■ ‘ i . t •> 

dctorn'lac cifi i.cb -'Ud r.a r"; .1'!' •• fc ' . ti'i-'.., 

AC System ; In nnny fnr fi-- '..'I , i'- ..v; ii. ic 

sys^tom, ri simple repr-';r!CUtet i ■: t.* . ‘ ■*. (•;; o u;V' rber 

sti'.tjon mey be ar.t jsfeeb^ry. r'e e r!. i i -v *'•. c ui- 

vr-rt.’.r bas and the drunp lay la fc'y 'i ■' : V-: bb i Ir-pe- 

daaco aaf^lo at varinas harmoaica ar fed !? n - "i, - e, 

teristics that av.< d tc be c-'anj- r. 
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STATIC YAR SYSTEMS 

The dynamic Var compensatioa where there is fast control 
of reactive power .in response to sy»gtem conditions, hss many 
uses* Some of these are listed hrlow ; 

1) to improve transient and staady-state stability of power 

systems , 

2) for hotter voltsigc and react ive-power control in th=' system 

3) dynamic compensation of first changing industrial loads such 
as arc furnaces, rooling mills etc. 

4) to maintain voltage stability at ‘HVDO converter terminals 

5) Damping of loss f r^'^qucncy .,(0 i5-*2Hz) and suhsynchronous fre- 
quency (10-40 Hz) oscillations in power systi^-ms 

6) for control of ovd'rvoltagos due to load rejection etc. 

Switchahlo capacitors and reactors' have too slow a 
response duo to mfchanical switching, to he considered for 
dynamic compensation. Syrichronous ' condo nsors have a continous 
C'''ntrol range and arc; rcascnahly fast, hut have 1 ini it at ion due 
to m.aintrnonco rnn stability problems. Use of thyristor devices 
for power cO'Utrol initi«J.ly for iridustrial dhives and lat<=r in 
HVDC trans irsion has passed the wa-y for the static var systems 
{SVS) with thyristor devices.' They have a high speed roaponse 
(1-2 cycles) and an capah'lo of roliahlr performance. 

The functions of a STB can he divided into three categories, 
a) Voltage Sup'port i Where the voltoges'at some rp^-cif iod points 
.along a tr«’nDmisai'^n line are regulated with SVS. Per example- 
C',>nBic;or n power station supplying a large system through a 
long trarismlss ion lino, as sh'^wn in Pig. 1 

/ oO 

— / 

y 

> 


<£> 
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By pjt>-viding SVS at the midpoint of th© tranamiasloa 
line to maiataln the. voltage, th© foliowim' advnntrM-«fl 
accrue 

1) lacroaoo ia tranfjieat and st*' ady“”St'^t'< otabilitv limits of 
power trajiRf~r 

2) Control of ovorvoltagcs caused hy load r j< ct.lon 

3) Redact jon of line- • losses 

t>) load Oomneaaation : Horo tb:' function m CVS Im to C'lmp^iisato 

for the variations in the load such that the ii t curr 'ut 
flowing over th' lino for^jii^^ thf load is a sp 'ciri''d {say unity) 
power factor and balanced* This is requir'd whui ti¥ AC nyatom 
is too weak to maintain the tormitinl vol tae • with io'>u v or lot ions. 
Also it is not economical or dcoiroblt t^' nupple th* v octivr. 
power demand over long linf^'S. 

HVDC invortcr stotiens, foading AC o;/st-T!: with low 
SCR at the convertor bus can benefit from th© Vilt'-go ot'-'bility 
provided by S7S. 

c) Damning of Oecill.ations 

By modulating the react ivo power supplied by SV3 In res- 
ponse tc a control sign.sl such as bus f r':’qa.'ncyjr''t''r V';l"'clty etc., 
it- is possible tc damp oscillations in th‘ ryot- Uo of a 
properly co nt roll '^^Jjhyris tor controllf'd r<’'actor at the g-incr '.tor 
termimls to damp Jaynchronous fr'-»qurncy oncill'''t3ona h-'S b'-i-n 
suggested and implement od. 

Static yar Systems : 

These can have- different operating principles rmd oenfi- 
gurotionsj listed below 

1) SYS with continuous, active oontrcl 

a) Direct current oont3o:ll'cl reactor (DOCl) 

b) Thyristor coat ro I’l ed *rs actor {-TOR) 

c) Roroo commutatod invertor (fOI) 
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The opr-rntlng point can nh.U't ->ver •’ 
changes in the syr^ti'n-' ap.-rithig c"*n.. .iti' un . 
maintain a resorvo for cmerg 'ncy cninlti ..n 
superia^osc a constant r'-'',ct2Vi, po.j.r c ..tr 
ponsc . 


v?i'5- with 

In ■•'ri"’" t' 
it to 

i with :ii V .0 r a- 


Stcaclv State Anol'/ola : 

The an-'lysia ia '^pai ic ''bl'." t* I'CK. With th v It't'”? lad. 
current wavoforma for onr fh-'nC| li* at '’- 1 / ntat' , 'r. ph wj in 

i’ig*4* 

The current i(t) ovi r a h'lll cycl' in h' fin n by 


i(t) = 


IZI 

h 


(cos a - cos wt) , 


a ^ wt 


■=■ O ^ a +'tj' ^ wt 

where a is the firing angle, (jr'' io th 

is the reactarocc of the rv ’.ct t. 


^ a to*' 

a r 

""c •' ii.ar t .i''n 


( 1 ) 

aueh', 


The fundanen bal cempou-nt "'I th' curr nt T, 
given hy 


I, „ (g:- eon tr ) 

1 71 }L ^ 


la glvtni 


(2) 


I, = Bj^(er) V {■}) 

wbore B(o-) = — ■ , 1 b the uflcctlvc (>a80c'r)t'’iioc -it 

the controlled roadtor. ilso. 

<r = 2 (it - <x) ( 4 ) 

The- Fourier nxialyais givvs th' hnrr’ouic component 1 ^, as 

= f -coe« 

| 5|7 
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SVS Control 

Dho SVS control structure is shoi'in in jPig.5» llie network 
voltogo end the componsotor current oro both picosurf-'d, one! the- tx^'' 
values used os a. b'lsis i‘or the" volfc ago' control with current drop* 

The correction of tho n-: twork volt^'g;© for chtadning this droop 
is roalizod hero on _ the 10 side. Tho network voltage, al'tcr 
•correcting for the droop is thou rectified. On both AC and DC 
sides of tho rectifier, filbups arc inclu-ded. Tbr- filters on th- 
AC s iao rf duco tho overvoltages arising in a evasooLU enco if low 
frequency (<150Hz)' ros<vaonces in' the systa«i. They must be 
matchcid t'l the prevailing system conditions. The filtersoa the 
DC siuO' serve to filt<r thf ripple in tho rectifier output or 
the hr'rponics introduced by asymnetry in the artwork voltage. 

Th.- frequonci''S to b^- caislicr' d are pf^^ , 2fj^ and f^^, whoro f^^ 
is tho noTDinal frequency and p is the pulse number of the rectifier, 
■ffih. output voltrvp'’ of the rectifier, after filt-ring, is propor- 
tijn^d. ti the average- value of th^^ AC voltage, perroctod for tho 
droop . 

The regulator used is a proportional integral (PI) con- 
troll r and (if necessary) is equipped with a device which tho 
gain r:p ''ciilly wli*;n the AC syitem is weak. By limiting tho 
outpU'j of tho controller, it is possible to include 'other rr.q-p- 
lation '■nd coutrol d vie q such as for example current limiters 
and control wquipraont to allow the systemt to run up smootHLy. 

A manu'dL control systrp^ permits tho SVS to be controlled manually 
during corrmiss ion jug and for maintenance, or whoh extraordinary 
network states arise. Both voltage controller and manual control 
dictate th • compr.nsetor susceptanco Bg^g. The- control logic 
real tecs this by mt.ans of a. combination of capacitor stops 
and appropriate conferel of the TOR. A lincaxiziiig function is 
<alsd provided to mako the regulator output proportional to tho 
susceptanco required. This onsuras that th.,- rosponso of the 
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voltage controller has the s'lirh'' apof d over the ontiro cjntrol 
range . 

It is possible to supplement n voltage rogalator by a 
var regulator* Ibis can be caord^nat’'’d with other owltchabla 
shunt capacltors/r<^<actors • 

Daring a transiout subsoquont to an uneymmotrical or 
aymmotrical faulty it is nocoasary to block th ’ c 'ntr-l action, 
otherwise overvoltage prcblom can wora^n* Thia i;« b cans the* 
natural control action of SVS is to switch on cap''c itf ra or 
reduce the: inductive current when it sees a riducti’-a in v^lt-igp. 
However this action is detrimental to the control of ovcrv‘1 tagos. 


Reforonces i 

1. Z. Rcichart, ‘Contr'Jllablc R-'activ'- C'^mpeneat ion ’ , Bl ctric 
Power & %Grgy Systems', v>1.4* Ho*1* .lati. 1982, pp. 91-61. 

2. H. Buh'-r ot al. ’Three Phaac. Shunt Re '’c tor with continuously 
Controlled Reactive Curront • CIORH (1972) Paper 31*13 

3. 1. Barthold, ’Static Shunt Drvlcefli for R“ active Power Control* 
CIGRE (1974) paper 31*06. 

4. 1. Gyugyi and B.R. Taylor, ’Charact'^rlst Icn of Static, 

Thyristor-c-atroll ■ d Shunt C^’^p^noat'^rs lor Power franamission 
System Applications’. ISBE Trane., vol. PAS-99. Ho.5» Sopt/ 

Oct. 1980, pp. t975-1804. 

5. K. Reichart et al. ’ Control able Roactor Conp^nantor for More 
Extensive Utilization of a High ?->lt'>gf- Transmlaston System’ 
CIGRE (1974) Paper 31*04. 

6. T.H. Putman nnd D.G. Ramey, ’A Modulated Inductanco St^biiiaer 
for Power Systems Subject to Subejnehronous Rosin an coa ‘ Int* 
Symposium on Static 7ar Compensation Montreal, Sopt. 1979, 
pp. 269*289. 



KRP-12 


7. 0. Wasynzuk, 'Dninping Subsynchronous Reoanance Using Reactive 

Power Control', lERB Trails, vol . PAS. 100 i7o.3, March 1981, 

pp 1096-1104. 

8. R.L. Hauth and R. J. Morau, ' Introduction to Static Var 
Systotps for Voltage and Var Control t the Porfoirance of 
Thyristor-controlled Static Var Syst-rae in HVAC Applications'. 
Tutorial Course presented at IBSB PES Summer Meeting (1978) . 

9. C. Romogialli and H. Beeler, * Problems and Conc'^pts of Stable 
Compensator Control’, IBE Proc., vol. 128, pt c. Mo .6, 

Mov. 1981, pp 382-388. 

10. S. Torseng, 'Shunt Connected Reactors and Capacitors Controllf^d 
by Thyristors’, IEEE Proc., vol. 128 pt. 0. Mo. 6, Mov. 1961 

pp. 366-373. ■ 





2 


INTHODUCTIOF 

I-IVDC simulators aro widely used to study the dynamic 
performance of i-rVDC systems, although hybrid [s] and digital 
simulation [^1-^ techniques have also been used# While a IWDC 
simulator is a versatile tool for simulating the dyn^ic perfor- 
mance under various conditions ranging from fundamental to 
high frequency, it is costly and less flexible compared to 
digital simulation. Thus the digital si mu lation can be usecL 
to supplement the iWDC simulator. 

Iho major problem in the digital simulation is the 
convertor represent at ion because of the coamicnccmont and 
cessation of valve conduction. She convertor topology varies 
v/ith t:ijno* One v/ay of handling this is to make the topology 
invariant by modelling the valve ao a time varying impedance. 
But this leads to the system equations that require uneconomi- 
cally small integration step size for their numoricnl solution. 
The varying topology of the convertor has boon considered using 
two methods. In the first method 3, 5, 63, also called the 

method of subroutines, the sot of equations for all possible 
oonfigurations of conducting valves are formulated so that a 
particular sot of equation is chosen at any given time* Ihis 



method is ouitr.bio il' onl. norranl nudus t.!' ci.;;v.jrt jr Orcr-tion 

f;ro concidorod* In the .»;uoJ:jd '.luf'uuci [ j ■'• br.Oi.' wrr:;‘d;iott 

tvjchniquo iuc to ICrontl'ij is uoud //soru 'd.-; :!♦, J.o u jUrdiMKO 
oorrcspQiidin^: to cooji ..i ilc wl' Uiu t-u/iiVurtor i^juuratwi 

using a trojisiormatitii j. 

In this report tx '.'ovol cuuvoi*tsi- i^oprusynt- tion based on 
graph thoorctic mmlys-is is iiitreducud • I’liu ,i if, 

concoptunlly nimplor and loncia to off -c lent !'.urnu’! ntlon of 
the convertor oqiuitions oorrospejiding t.«j ."JJ pi>.,::;'llo modes# 

?Ixrc are in total 50 possiblo 2 ;u>du:: oorro'>p*‘Jid ina to ?,5 and 4 
valve conduction. However, on.l.v ':?} modes are of Interest if tie 
DO link current is assumed e ntinuouc. Ti.ese can bo handled 
using tiircc simple outset r.iatr'.oes vdiich ..av ous'ijy gonorntod# 

Ihc topological analysis lo ids art only to t!io system utntv 
equations but also to the oxpxxasioii i/f dependent vurrnbloo 
such as valve voltages* 


A multitorminal \mo aystom consiuto of i) the AC ay stem 
feeding the convertors, ii) oonvorturs with thoir ussuciatod 
controls and iii) the DC network consisting of tranmaiaaisn 
linos* Uho approach oiQiloyod • hero is to modol ooch corapenont 
soparatohy. and in a- modular fashion, ^hoao mi 2 >dola are ;lntor>- 
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coniioctod appropriate rlnturi'aco variablos. The dynamics 

of the convertor controls arc represented in detail. Both 
indi'vidu.'iL phase control emd equidistant puloo control have 

boon conoidorede 

The results of the various tost simulations uiidor sto; ly 
state and transient conditions for sample liVBC systems arc 

presented to illustrate the capability of the computer program 
developed . 

aOWBRTBR REPKESEITATION 

A tlirco phase bridge converter system is shoym in Eig.1 . 
This includes the Iculcago impedances of convertor transformer 
and the dc smoothing reactor ^he effect of 

the ao system on the converter is represented by the source 
voltaf'us (e-jyOojO”). The dc network is also roprosentad as a 

voltage soui-oc (7^) at the convertor terminals# It is to bo 
noted tiiat butli tlic ac ajid the dc voltago sources arc not 

const. nt mid ixro actually detor.nincd as output (dependent) 
vnriablo.J from tlio ac nctv/ork mid dc notv;ork models respectively. 

The effects of the convertor on the ac and dc networks are 
roproounted by the injection of currents into the respective 


networks • 





Fin. 2 •'■-iFi'Wr; tliu >:v .<} 
to 6 rcprcoont tlio voiTCo, 
oquivilcnt circuit ru.t.'v . .'i. r 

the cunvortur. 'i'l.c cioMO^d' ‘i 
of %>% 4Uia iu iorivu', 

and damping cii'cuii;; aci-' ..o t 


* , , * If > I' 1 

* * ^ 'v -t V f .* » . I 

■ : t ' -.iKJ 

■ ■ •/ . ‘‘Jt'-i I'uoding 

■ • ,l Lua.tiun 

• • I Lao ( p ’ au iiljfj 


Fi^ 5*2 ic the rjimiiloot i,x ,.,h .tv, ruOaod; - i the c hvcj'tcx' 

oystera. Inhere arc 9 oiement;. ruic; 9 l ;a*u.-. - lly 

thoro aro 4 tree branclioo an.'. 9 luiico. v ta ,'i; awtilcl 

bo soon clear, the troo iu chuuun otich ti/ t it ina'ia.-Ua: c.iuacntt; 
7j8,9 and one of the nonduct.hv: v.alvoo (dun a^. n, .vlfav d m 
be ralvo 1 tc 6). Thu c.jjiotituer-t oquntJan.'! ..iurait 7,r. 
and 9 nro cMon by 


v^horo 


H = 


and 


~B1 ~ ^ -Bl '*■ ii 


Z s= R + CO I» p 
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c 

0 

IL 
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0 

1q 

0 


0 
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Sc 
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1 m 

' Xi . 

0 
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a 



(1) 
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~B1 “ ‘•.''^7 ’'^ 9 ! j V is clomcnt volt ago 

r ■ V T 

■isi " 1^7 % %-i » ^ olcmont current 

'P dciiotuo the trnnopoGC, .ul = 2i?f whore f is the ac system 
frcqjioncy, p = cl/d6Jt. 


For olcmont 0 1 to 6 following equations aro applicable 


k 


0 k€ K : set of conducting valves 


( 2 ) 


ip =-0 Pfl.Ij 2 * nonconducting valves 


'i'iiic aoaiju.ioo the a'.aivos to be ideal switches with zero forwjird 
iinpedr.nce :aid infinite reverse impedance. ^I^iio tree and cotroo 
of the (:;ra;jl'i fviP £1 = 1 f.ro ohoym in Fig . 3 . 

Pur jaiy netwv rk, br.'O.'cli and linlc Vcariablca arc related by 


iji Jrb (3} 

-L ™ 

■where ouhoarijits i 3 r.nd L refer to branches mid links respectively 


ar/l riatrii': is the component of the fundamental cut set. matrix . 

Fiiic i;ntrijc for a.lfon^y/ith the matrices corro op ending to 

various trees used in the analysis, is given in Appendix 1 . 

Fho tree branches are p.artitionod into ty/o sets, one sot B-} 
(ounsiut’ing of ol orient a 7 18 and 9 ) eiid other B 2 (consisting of 

vrdvo 3 ). Similarly the links can bo partitiunod into two 
sets, (corro sponding to conducting valves) and It 2 



J 


(corruap jiilfuif .i !•<''< 
cc'.n bo p?''.rt ItitiX ■. ’ 








M 1 '-'.Jl I 

1 ■ L ’ " r I 

•^'2 I ‘'l 21 i 






Prun (2), the •.to io«jKt 

111 = ■^}i2 kk "" ^ 

Subotituting tliio in (1), (3) find (4 ) » th.; 1\ li > t t?* : 

eciuations are obtained 


(B^^1 2 a Btj'I'} £ 

(!5) 

Il2 “ ^ ^^11 0 in I 

(^) 

iBi ” “^ni in 

(7) 


Equation (5) can bo nrrrji^^od jln the *' r;' 


d . 

cTUrF In 


«1 It,, ^ -T' - 


•<n I 


(b) 


where 


m 


R 


■% 


4l1 “Bill 


Equation (s) doscriboo the dynctijca oi the cvUivoitor- Trur. 
the fenowlodgo of the voltage vector o, (8) can bo nui:iwric-.lly 
integrated to solve for the state vnriabloa. The veltfq-:c 
across the nonoonduoting v^avos is given by (6)* do m^d 


ao currents arc given by (7) . 
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DISCI7S3I0N 

Eq.u''.tioiis (6) to (B) arc formed at each time the state 

of converter cliani';UG. The change in the status of valves in the 

lii'ilc can bo oonsidci'cd !/• rearranging the columns of matrix 
■I'ho matrix li.is to be changed as the conducting valve 3 

coasoo to conduct, /although there arc 6 possible m^itricos for 

tile 6 valves, it is adoqua.to to use only throe such matrices 

ouJTcoponding to a valve group (ly3,5 or 2,4,6). fhis is under 


the aGSuriii>ti'‘/n bliat atlca.st onu valve is conducting in each valve 

1 'T C 

gi'uup. f'X obooivafcion of riatricos end reveal that 


two ro'./s ".ro J-nv; .riant 


The pr.'Ceduru '/utlinod above o>m be compared to the method 
doocnilo.,'. ]}: M,7* '‘re similr'.r in objective. The method 

gi^^eu eo.'c i:. ;,ii::;plur b-.t'i e .-nooptuoilly and computationally. ' 
Also the vilvo cl.ar-’.clwrist ic can he assumed to bo different 

than tint '.t’ ’’.n ideal switch. The constituent oqua,ti<)n in this 
ca.se w '.uid be tlii.Tcront th-n in (2). To give an illustration, 
the iiapedancc of tlic valve during nonconducting period can bo 
nssuiaod to be fiiiito (dcteiminod by the grading and damping 
circuit). Inclusion of this characteristic ocai bo easily 
aocompliehed. In c.ntrast, the rufcrcncos 1.1>7j implicitly 
nssumo the v::lvc impcdreicc to be infinite during nonconducting 
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poriocl. The .Jiiiiibcr ‘.f r3t-i,c bi, ih,.* 

d.cpcndini<j on the irirhor '' O'..’ t''!. L; 1'. i.... 
given by (J'1-1)* 


•n ■ in 


,2! 1.1 •;> i c!n «■ < 


Bach cojjvortci* U. . Fv T'-’ :■ 
controller thob flutorM'.lnoO tbo 
Hie firing pulsos:i r'.ro {'lonu.i-'tc/; 


1 ; 

' i i' 

■' i‘ a‘. : i 


V j •' 


>; /' J v. 


•u ..!. .a'.sio. .L;j 


the output of the cui'ront or oxi'/ha't !• n 

Normally cia-ront control ia uool at t!i'„ 
extinction angle (GE/j.) at the iiivci'tor. 


ai!.;lo 0 i.l r'j. 

j'ont; I i ioi* 'll. ’ 'tant 
honiu; i..ly .v aro 


two firing control achomco: 

i) IticiviCual phase contrvil (HC), v/Iacro the i’i.ring- j'U.ioO for 
. oaoh valve is clotcrminol with i'oupect t./ it.j uv/i, c.-.a.u- 


t at lull voltage* 

ii) Equidistant pulse control (EIC), whorp the e .r.tr ^lior 

gnioratcs pulses at cuu.il intervals ;ui otofidy otabo, -..'nioh 
is relatively independent of the dlstcrtiuns in thu 
voltage. 

Biring Oontrol Scheme with IPO 

I'hc rectifier control sign'll obt.'.lncd rw the output 
of first order current Cvintrollcr is 


E 


cr T+l’j^^p 


(I 


rofr 


clr^ 
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\hc iiivortcT cwirtr^-'l signni is ubtc incd a 
=-- u’'2 V^^.. ooq9 


'Cl ™ V ^ "lii ' c 


2^01 - ^oc 


'//] loro 


V 


cc 






'Tiio oubKJCi'ipts r nncl i dcn>.;to rectifier and invertGr quantitici: 
rcopcctivaly. K ie tlio eontrollor gain, ia the cent r ('Her 

w 

tiriL cunetant, the rcfcrcncG current, is the line 


ciuTcnt, \f 


'LL 


the rMS value o-r line to line ac voltage,"'^ 


i.j tJie e/.tinction aaif.le oi thu inverter and is the commu- 
tat'iiig re.' iot.'u.oe . 'ilie iiriiig pulse generator for a particular 
V'''.ive J cujipMres the euntrol luqpuil with a signal correspond- 
in,'.; to the c;.'..;..uitai;icn voltage of the valve advanced by 90*^* 

1 pul.eu to hiitiated at the hisinnit \7lioia the following condition 


rs St * V r .L lo*l * 


and 


for .Invoi'tor tcjrminal 


iwi’ rectifier toriainal 

i j V cr 


fho laiiiiiriui.: dol.-^j- a,i£.'le operation of rectifier is 

oiiiji-irod by restricting the control signal from falling 
bclo'w . . in'vci'tcr, signra is 

clainpod tu zero while going negative to ensure the f'iring angle 


varirti.on betv/con ^’y2 and {if- V q) 



11 


'li'iriiip: Oontrol. Schcno .^ TC 

i"ui oauidiotcnt pulao irin,-; '-.chuMw* .v.th •.i.i..-; fj-wju^hcy 
control hac boeji cui.! ;oui:c'. to ovui'c *io thu prwb.lo’ . fi nur^A-nic 
inctnuility wliioli io inlicront v/ith .b''.’ ') I « i'ni.o iioouooitatcc 


fcuub.'iclc control oi not cr.lj t’lu .Jiu-i-ont l^nt nh: 




4 I , 


. liot ion 


Loi^lc. In tho proGout cu:.vc;-',t oi ocoj.u^.n, ur/;y root Lfior 
tomiiial io conoidcrcd to bo c iuLj'pou 'i/ith tbio t^/po oT Control* 
E'i^r*4 cii'AVD u oiiiplifiod blool: ..iUjjrj’.j.i oi* thu ouhtrullor i'r.-*,* 
v/hicli tjio ctntc oq.LUitiunn ocai bo .vrltton d. ’./n* 

A constant slope ranp .'nnot *. in ’.s ronor-.^a;! start ir./*; fron 
aero nt each firiJti; instf.nt., "trio .'•np;|) funct I n i.r, c tjp'TU'I to 
tho sun of -tho control oif.unl (U^. ) -.nd tho 1’inn v "Itiv'Q propor- 
tional to -1/6, (aid a pulse is iult i ';t o".ch Ijisiia.nt wf 
Gfiunlity. V/lion 0, the rij-in-’t f otoun --ri- /anivrr.ts.a at 

every 60^ correepundin^: to stoa.ly wtritu opera.t ion. Thv rirlm:: 
in tho rcctifior nodo is provontod until tho ca, c.;utf;t iun voat.aiso 


has reached a defined laJLnimun ixtsltivo value, j’iau onuurus tliO 
niniama delay rn^lo oporr.tisn of rectifier. Tho dotnllu o;' 

this firing pulse goncratien schouo are doocribed in rofox'unco[l1J« 
KSPESSEIITATIOH OP DC iU'ID AC NBTWOBK 


The DC network consists of transmission lino wMch can bo 
roprosontod by alT circuit. Tho DO current of each convortorf 
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v/lu.tjh i« obtfi'ijiocl ill ten in of the ot.'tc vnri'iblcs, is inject; 

into the DO nutv;crk n.t comn rfccr tei’niiinls . J^tn.tc equations 
ior the dc not\/urh c.-m be c? sily '.vritten dev/n r.rxrl jiro timo 
iiiVM'iant. "'ho V'.ltojje in JMtqnl is dii'octly obtriincd ns 

a capacitor voltage which is cliosen as a state variable in 
the dc network equations. 


Sho AO systoin can also- be sjuillarly nodellcd and the 
state oqu'.t i''jnG arc tine invar i‘uit« The currorts i^ and ig 
(reicr Dio;.l) are truntod as cjxrcnt sources in the derivation 
of 4*0 network equations. 

COI&UIEK PhOORiiM 


IP'.aed on t}ia nroccdijxos outlined in the previous sections, 
a conputor prof;r.''n has boon dove^.operj to simulate a controlled 
r./il'Cttwr- ’iii'.l iuDU sy.'iton c- ntaining upto 10 monopolar tcminnls. 
The ntruoturu tlio progr'-.n is j.iadular with each subsystem or 
contr.'l .functi.n der.cribe'' m individua.l subr .'Utine . At a 

pateicular Lni.'tani. ti: e the st.'itcs '...f .all the converters arc 
dol’insd •uil the oqu tLi.us •'vo i' rnulatod using the convertor, 
r.odcl do.^oribo,’. uaallur. I’ac convui'tor state changes due to 


1) eossatiai ci C'..nuuction i*i a valve or 2) firing of a valve- 
The eu;;vcrtor st-'.tc la ohocoxss at tlie bogimiirig of oach integ- 
ration ti:;ic stop* if nucc.-s. .r^’, the exact instent of cessation 



of conduct ion in u 






r; live '.0 ■ i*j '<n c ,:'.t riua 


ucrlni',' the voivc i. cfn: •■...'■’n. . 

pulses is del;or.,i:l.icd ^'ro;n ti'f ' .U; ■’ • 

is i'ut into tho cui-dunt in ■ . ' ' it i.. 

voltac'O e:ccGocis tho ueiuiu'. lii,* * - 




’t;lC *.’W 7<dV8 
‘■‘od nr.a tiio 


3ojau of tho snlicLt 


w>' i.tj :» m'w ,lvon 


below ; 

1) Initial conditi >nuf 


Iho simulation can pi'c ,‘ecil ''ro: a) ti't*.* jriitinl voudltions 
or b) initial conditions ostul] ial.od iron t’v; ototc oper- 

ating point. In the forncr case tp.; ir/utrr'i Is ctaj'tid V-y puttiiip, 


all the converters mder etai tinf, control, llci'*: thu ' irln: 
angles are initially set at and lii-o c!5rm,;ed tinear^y ',ut 11 

tho cui’rcnfc builds up. For the s-;e'cnd ch : m , t],a roqulrc'i c.tuad/ 


state opcratin£i' conditions aro obtaijiod from /c;/r>:: loufi '.’low 
caiculati one [123 . 

2) Convertor Controls 

At present there are throe choices of the cosivertor 


control as listed below; 

a ) 0 onst ant £>( c ont rol 

b) Individual phaso control 

c) Equidistant pulse control 


Because of tho modular structure of tho program other control 
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otiv.tcfuos can alGo be incorporated, if nccoosary. 

3) 1^3 notv'/ork oepatione arc formed directly froiri the loiowlad^G 

of J 'Ine data and lino to bus Jnoidcnco matrix. 

At present modified JJulor's integration method is 
used for solving the state equations althoufjh traposoidal or 

otlior methods -can be used. 

TEST GlifJMTIONS 


The capability of the program dovolopod is illustrated 
by i'nuaulating a 2 terminal and a 3 terminal HVEG system j'S ■ • 

• V ^ 

Tho schematic diagraias of those systems are shovm in Eigs. 5 
and 6* Ihc dota:ils of tho system par "‘.motors aro given in 
Appendix 2* Various test simulations arc enrriod out to invos- 
tigabc tho system rosponso both in stc’tdy sta.tc rmd transient 
conditions follov/ing ri disturbaaicc . 


Eig'.? show.:- tho stoady st!T.to waveforms for n two 
tcrmi.ir.l cystua w'ith tho operating condition B as givon in 

Appendix 2, Individual phase control is assumed here. This 

ost.,bliohus the twrmiual 1 (vectiflor) operating on constant 

current conta'ol and terminal 2 (invertor) oporat.ing on CEA control. 

Tho transj.ont system i-ca )onsc of a 2 torminal system 
with individual ptoso control is investigatod with tho following 


distiu’bancosi 



iu Ghtm^iu :Ln cun-urt; I'ci’urcaow 
cuiidition i\.) 

1) at both t ho t-. Jiu.l - . b . .u», ' '■••55 

pa^-l* to ™ i#(,' .ihu ^ ,'*• .*!( 

2) at both tlio t'.i*nrLr!'l!:, Tror; „<j u- C'*4 ^ 

p.u. to ^ro:7 '" 

3) at tho roctificr tcxhirutial -i ^ h'.b «u. t.,; 

I^of-j ='5*0 p.u., tliUO inoro'!:: inp 'b',. <ra'r..i.b ’.r .o,* ii. , 

4) aa in caao 1 with aourcso I’cnot r.ic*- r-j. !. la th'; i<.. ;; j.a 

incruaccd by 2.3 timoa and tho .jj.; ■ tt hla, ; rua -1 ?ubiod. 

B. 30 porcont dip in AG oyot^.r. Vvin:- hi on-,. , aaou 3 cyclcu 

(with opora.tinfi cunditian H) • 

1) at tho invoi’t.^^’ tcrninal 

2) at tho roctificr toii.Inui 

Tho uyatom porformouoo fur ttiu au ... caaga -xa ..li -r; in 
to 13 rospootivoly. 

For a three tennin'd. oy..tv}ri, rJluvaLn: .iioturii nnoo 
firo considered: 

0. Change in current roi'oroncc '.-...ttinp: 

1) at all the three tcrmirrls, !'rcn .^^a1,l5 p.u., I.,,f2=C.57 

p.u. and Ij^jj=0.46 p.u. to .45 p.u., .'/Z p.u. 

cincS. 
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B# 30 I'orcuut dip ill AC oyotom voltage in. one phase persisting 
Cer 3 cycles 

1) at convertor 1 

2) at converter 2 


3) at c .invert or 3 

Figs* 14 to 17 refer to the above eases respectively. All the 
above figures (3'-l7) show tlio variation of average current 


'.’..id volt. ’.go over DO cycles of 
iiiit ‘.-'ted at the beginning aj' 


siraulation. 'The disturbance is 
the 20th cycle. All the above 


; ‘ 0 ; ; 




iiidivithoal phase control for the converters* 


lDxsouo»>j. .jn Lo 

'"he reaults doinonstrato the operation of tlio convertor 
ouaina^l unaeX' l < th oto-'dy sta.to and transient conditions. As the 
hujectivu of this atud;v is :./''.i3:i.ly to illustrate the program 

cai^sDility , tlio optij anatioxi i.f controller paranoters was not 
atl;oi:g)ted . Ff;*? sU.avs the prcdomirxant 6th haimonic ripple In 

the lino cih'roiit. inis iirobably is duo to the fact that the 
control signed froi.i the line current was not filtered. 

Ihe following obsorvationo are made from the rcsiiLts 


obtained 



Change in Curror.l h'-.f rv aae 


'^Piic rc!3}fOiiu<,e V in '■ /a’*’- 

caecw ohov/ ti.at 'iil'.e ni.ia.a;.'; •: ih;; '1. ' I n. 

into actiui ae a ch';n o in V,.,., cunruJiL 


. ' '1 ; 0:3 


‘ : ■ 1- LoC. 


s iiiul t anc 0 u ely • 3 10 

roaourmbly ehoi-t tiirn 


eiuTunt nuMlcj i.'v.-n t 
• Inc nemo ,0f,' tijo ;:u-w n . i avl-- 


t'/n 






.alu.,' in h 
t: ?.i.‘ .’ton 


Giiango in the current reloroncc lu....n to iiici'C'.ao m too 
inagnitudc of do voltage oociliutionu "iiJ i.ncJu:u:o‘i .'otti n;, 
time. Ohoervatiun of case j 4*3 (refer ro>^c) ■■■.'■ ti 1 t.i*u 
current control io acting only at the roo't ja’lea uu' tij'oe«cu» 
however, this londo to Ir.rgo ooeilla.ti 110 in ti;o' current and 
voltage. This impliee t]i';t the hiti' h’di-r: c' In.y in 

transmitting the current order t • the 'Lnvorter tf;r in* I .Kady 
to dotorioratien of tiJO perf r:vju;e, it.-r'rp.-; enri he 


improved with an optimized ecrtirtl’lc-/ lor 1, pi. 


It was observed t};.-;t r, '.u'co iv .c't.,uee v/na 

increased, the system malfuneti no.:, ’'bio ;.V' vr\,i .vuri- me 

by doubling the value of Sunotl’in,; ro;.m;nnoe, 'bdn ohwws hunt 

the convertor design is 'critically douiUiucnt on tlio oyotor. 
parameters. 

Eosponsc following Disturbance in itC Voltage 

li/ith the dip in rectifier side ac Vwlt^igc, the curront 
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f! -iifcr.’.l filiirtc t'j tlic iii'W'jrtcr .''ind the rectifier operates 
v/itl'i i.iliiinuii .lolay rai/jle* The variati ■)n of firing angles 

ill the iirut cycle fallowing- the diott3a?bancG is shovm in Pig.l3« 

Per the tiiroc tcriru-iiril syoton it is obsciarod that the 
'Vi.p ill the volto'cc at thu tcrninol viith 011 control is the 

nost sovoro disturbance. Sinil-ir observations can bo made 
for the t\V(. turi.rbial syoton. 


Tie offiidistaiit puise control has also been tested 


li.r tiio fcwj torn.'nal nyaten* Pig. 18 sirovis the rooponso of tJio 
systui,; '.dion subjected tu a stop change in the roforence current 
;,.-L,uitudc siml.r to the ease The rectifier terminal was 

oquii-pod v/ithv cquidisfcrait pulse control and inverter terminal 
Uid iadlv'Lbirl ]/hasc control. The rospensc shown in PigdS is 
einllar t.* tf.u of .vvn in Pi, '.11 ereert for the fact that the 


in cui'i' 


-■due eel 


in this c-aso. 




r I ♦ -ft* * • 

w w ; < dJ u * 

A n-.vol 0 -;iVc.Ti:>. v ;' ^ ; ; t; ■ r |th. 

thcjrctric nnnlysij :l:j '.L :io,/ M •• ' ' I'- 

dcvclopod for .,1; ii;l ■.■* i 'i •, ! 

tl:c c., jr/ortor v ’l.j 

roprcOviitrti.'n of c aivci’tM- ‘t ■ I ; ■ '.i: , ;* '•/ ’ ; h'..X‘ 

control and e quid lot o.nt pu; jo I, ’-n.. ■' , < •; 'o;*; i ta 

Gtudyin{;; the perl\'i7:rnco oi t;i., • n’.r II -t* ua ' r v r. uu 
oporatin^j cun(liti.-.nu* Iiooult;'; 1' v 'V.; ••lo to. t t; ja' r.o.- 

terminal and 3 tcrnirnil ut.npl j .;y;,.to:,ia aro ..ru Jo*/jtu„ . .**: 

fron illuotratlnc the ca.pQbjl 11^/ vf t!io ro. ui\. 

indicate the need fur the. optii.r.l doa.i,ji ui iitovll'-.'.J, 
is critically dependent on tiio ayotou 
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Appiijjpn: 1 
QiJTaUT rATIilCilS 

The aix cutoct i.i ;tricoo , each corresponding to 

tJio valve Gonuidoi-cd in tlie tree, a.rc /;ivcn below o The 
ouporscript j denotes the va.lvc m. bar S. 




5 

5 

4 

6 

2 


7 

0 

1 

0 

0 

~1 

li 

8 

j, 

0 

0 

-1 

•*"1 

-1 


9 

-1 


0 

1 

1 


1 

1 

1 



-1 


i 

» 

% 

5 

4 

6 

2 



0 

1 

0 

0 


i ! 

8 j 

i 

0 

0 

-.1 

-1 

-1 


9 

i ^ 

0 

-1 

0 

0 


3 

1 

1 

-.1 

.-1 

-1 



i J..~ 

......3 . . 

„.4 


.-...2 , 


7 

l-l 

-1 

1 

1 

0 

■ <3 1 ... 

.. ‘ 1 ; ' “■ 

B 

0 

0 

-.1 


-1 


9 

1 

G 

-1 


0 


3 

! 1 

1 

-.1 

-1 

tI 


Vim 

[.. L . 



5 

6 

2 


7 

0 

0 

1 

0 



0 


«»1 


6 

0 


9 

0 


ft 

1 

1 


4 

•"1 

-1 

-I 

1 

1 






7 ! I'i 0 1 ' *■'< 

e j-i -1 

9 j 1 0 

'.wj «,■} ml 1 1 


M j 5 !> •■; 6 

7 Ul -loll 
rB^j=: 8H -1 “I ^ 

9 I 1 u 0-1 I) 

2 i-l m1 -1 1 1 




'fJV' »rn ♦ 

M I O „ 


Jt Hi * «l l« 


» i « 
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Two Torninr'.l iSyotcn 

Thv. t.n.' uor;,’ './oSio::;, I--' '‘..'nti ,. fr^n 

tho tliTGC tcruinrl ::yot cT rc '’o ’V' vj.,. ' h;/ ' 1 - r*^ i a^: tlio 

tcrninal 3 of. T'’ij3*6* ►iycUr ; -r- ..her;; a,;;'.. L. 
aro chuson on the br.clc oT r* :;‘ci -’ovict; ) . 


Gomutntini:; react.' '.nee ; 

^o 1 =-"^02 == 0 . 05 'i''p.u. 

Snfjot hing re a ct or 


SooiGtmcc 


“ '^12 

s 0.003 

p*u 

Inductance 

%i' 

II 

= 0 . 3 ' 

p*ia 
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i J pL w,tl 3p.>i-iO 5 

Hs-ciotanco r « 0<.()508*-/3^ilo 

In.',:ticta.noc 1 C^ooyH jl/iiilo 

f!r'j:!,'',ci.tanoc c 0.0091 /• 3?/n:llc 

Lcnrth = 800 nilc.s 

CoAtrollors: 

a) Individual phauc contr^■l 

K-, = ICg = 19 P.u; 

'^cl SGccaidc 

b) 1:1 quid iot ant pulcc contr-'l 

K.J = 1.0 p.u. 

'?-|/l2 = ’‘-2 “ 0.005 cocands 

(,'yc c ■ndition: 

A, Ljiio-tu-liiic -0 poak valorpjc 

1 ” 1.15 i'uu.j iiJ 2 = 0.95 p.u. 
s, - 15.46°, ^0 = 15“.X^ = 5° 

,L s ~ 0.6 p.u. 

is. i.lno-to-linu AC peak vi.lta^io 

B.J s= 1.0 J 1 .U., ^2 ” 0.95 p.u. 

=. 15.46°, '■ o " U°,^^ = 5° . ■ ' 

X ss 2 0’ *8 p '.u . 

C.nivcrtei' 1 (rectifier) .ypcra.too on constant current control 
•aud converter 2 (inverter) on GEii control. 

Tlxco 't'cminal Syoten (?i^:.6) 

CerjiutatsiiVi rc.actnnco: 

^c1 c2 C 2 


0.055 p.u 



^'laoothint:; reactoi*: 


iieei ;t;:jn<:c 


i 

; ; . P ; 1 . ' 

U ' 

• H « 

[nductanca 

^Ul 

rt . 

, K* 

,. r, ii V 

u^: a;) 

« * 1 • 

I’runsi.u-ooion i.inc 




liociatunoc 


- 

»« . n* , ' • 

. i ,4 U 

Induct.uicc 


” ^'2 


,ii O 

Oapacitjcice 




Lcnt^tli 

'‘1 

-- 9 fV 

' :r.iLc.,, 



^2 

w yy 

rii.l'.’p, d-^ u 

■“. l J.ca 


Oontrolloroi 

I'ndividual plu.ac ci ntral 

~ ^ p*u. 

'^c1”'’c2='^c3‘-=^*^ sufuL'da 

Opc ro V j n c oiid it iun : 

Line-to-liiic l-.Q peak volta^t! 

:= 1 ,1 p.U.j il2 S= a 0*9 p«u« 

'^1 == ^C 3 *=* ^ 5 °, a 9 ' 

I^^is;1*1 p*U#j p»U# 

p*u* 

ConYortor 1 (rectifier) and Convertor 3 (invertor) operate on 
constant current control* Convertor 2 (invertor) oporatoo on 


CM control 
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PIG. 5 TWO TEIhjMINAl HVDC SYS1EM 
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PIG, 6 THREE TERMINAL HViiC SYSTEM 






CASE AJ 
Change in 

; 0«65 to 1* 

Imf I 0.55 to 0 
2 



I 



ut 




TIME IM CYCLES 


FIG. 8 ni-ISPONSI? FOK CAC-: A.t 



CASE A. 2 



TIME IN CYCLES 


I’lG. 9 HESPCiSSK FOB CASE A. 2 




€ A.: 


Changcv in 
(R«ctrf!€f only) 

L-.vf : 0.65 to. 1.0‘ 

'• I 


PTC. lO ni,sK)yr- 


A. 3 




Ccis<s A. 4 

Change in 

If®! * 

1 

0'55 to 0*9 

A 

Source reactance 
increased 2.5 time 
doubled 
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PIG, 11 F?PSP0N3R POR CASE A. 4 
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PIG. 14 RESPONSE FOR CASE C.t 






CaS4 D>1 
30% Dip in AC 
voitagi CS cyct@ 
duration I at 
converter 1 


FIG. 15 RESP0H3E FOR CASS B.1 



Coit D ' t 
30% Dip in AC 
voltQ 9 « (5 cyciis 
duration ) at 
converter 2 


FXG. t6 BESP0N3E POS CASB D.2 




Case D.3 

30 % Dip In AC 
voltage C5 cycle 
duration) oi 
converter 3 


PIO, !7 RESPOHSK 70R CASE 0.5 


2.5 times 
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Itelaya General Information 

Introa action: 

©le tmportajace of relays for apparatus and system (including 
transmission line) protection are well ImowS. fhey work as sdieat!- 
sentinels guarding the system against abnormal operation* She pur- 
pose of relaying can be stated in the following manner: 

1 * By providing fast clearing of fault, damage to the apparatus is 
reduced • 

2* Any subsequent hazards like fire, loss of life are reduced* 

3* By removing the particular faulted section, the continuity .of 
supply is maintained through the remaining healthy section. 

4 • By clearing the fault fast, fault arising .time is reduced and 
therefore the system can be brought back to the normal state 
sooner* 

5* Since the fault stays on the system for a very short period, by 
high speed relaying, the tranBient "stability limit of the system 
is very much improved • Big *1 shows the improvement in stability 1 
limit as a function of fault clearing time* 

To achieve all these ob^rcti/es the relays must satisfy the follo- 
wing requirements *. 

1 * Since the faults on a well designed power system are normally rare, 
the relays are called in for operation once in a way* This means 
that the relaying system is normally idle and must reliably 
operate when faults occur* Thus the relay must be reliable* 

2. Since the reliability partly depends on the maintenance, the 
relays must be easily maintainable. ■ 

5, There are two ways by which the relays mal-operates. Ono is the 
failure to operate in case of faults and the second one is >relay 
operation where there is no fault* Relay must be immime from 
both f 

4. Relay must be sensitive enough to distinguish between normal 
ma faulty operation of the system* 
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^Type of Relays : 

A number of relays arc/is.u for power uy tem protection. 

Some of thorn arc prmnary relays meaning that they aro the firf;t line 
of defence. These relays sense the faull: and send a signal to the 
proper breaker to trip and clear the faulted line* The fault may 
not be cleared if the breaker faiin to open or U.e relay ma-operr tea. 
The breaker failures arc for two reasons* Fa.UvO'e of ti'u supply to 
the tripping coils or a stuck meci-inical l^,ver ♦ In tJrin e.'se, socoad 
line of defence to the power sysUns is provided by the bncn up r-ifjya. 
These relays have a longer operntiu.' time even though they sense t.ic 
fault along with the primary reltiys. Eolay opurutjng time is defi- 
ned as tho time interval between the sensing of J'fi;JLt ctnd sondi.g 
signal to tho proper brcvakcr for Ojicning. .ci. up r,i ys '-.re nrraa- 

ged in two ways. They aro locrt.d at the s. ne i»l u*e ru th-- prim ' 17 
relays (local back up) and op^-ivte the same bruulo rs* Or they are 
located at the another station and open n di^’ferent breaker* In t!ic 
latter case the reliability is more but a longer nectlon of the 
system is disconnected due to the op'^rntton of tho back up relays. 
Fig. 2 shows tho location of tho ‘)rlm';ry nnd back up relays. Ilorc 
the remote back up is provided by multistcp prim ry r.dfya -^nd local 
back-up by a non-dircctional over ciu-rcnt T'-lriy with delayed opora- . 
tion# 

The likelihood of failure of protection equipment is as"* 
follows s 


Belays 

Circuit breakers 
Supply of wiring 
Instrument transformers 
Misc • 


43 percent 
26 percent 
18 percent 
I 0 percent 
3 percent 


Tho relay failure is due to. i 
1 * Contacts 

2* Open circuit in relay coils 

3* Wrong sotting 
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0om0 times the local back up rclaysoperato the breakers 
behind the bus* fhts ia called the breaker -back up* -local back up 
protection has the draw back that they use the same d*c* supply for 
breaker tripping* 

Poliowing are the common types of relays used for apparatus 
and lino protection* 

1 * Over current relays 

2* Directional relays 

5* Ubdei* voltage relays . , 

4 # Ire qtuonoy relays 

5»Distanod relays ' 

6* 'Khcrmel relays ■ ' ‘ 

7* Phase sequence relays 

8* Differential relays* 

4JlX the exist iog relaying schemes use either one or more of 
thooo relays with slight mod if ic at ions 

Pig* 3 shows the basic connections of a relay* Ihore arc two 

ways In which the circuit breaker trip coil is onergiBed* One method 
uses the station battery to supply the current after the relay cont- 

aots ©lose* This ie shown in Pig* 3* In the other method, as soon as 
the relay operntes the C*T* secondary current flows throu^ the trip 
©oil and onorgiao it. This does not require a station battery and is 
used for protection of feeders. 

Pig *4 shows the aoncs of protection v^ually defined for a 
power system* Tho relays in each zone arc supposed to operate .fault 
withiA that zone* This is called the unit type of protection* In 
this oohomc the relays do not provide back up' for the other zone 
relays* So internal back up is necessary for each zone* This is 
usually provided by non-dircctional high sot time dolayod over curr- 
ent relays • The zones over lap to avoid any blind zone a. The over- 
all system protection is divided, into 

a) ©©aerator protection _ , 

b) Traiwformer protection 

©) Bus protection 

d) Transmission lino protection 

e) leodor protection 
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Bolar lonitfnologyt 

yick up ^S3lm of opcTntim »» wJiAote tj» 


r<JLay oporatcs* 

Drop out- Min* value of operating quantity for which tho 
relay roscta after it hns opcr'^tcd . 

Sensitivity - Ability of the relay to doscrittiir^to between faul* 
ted and normal conditions# 

Selectivity - fo select faults only within the doatrablc eono of 
■ . protection # 

Reliability -Ability to perform its function when desired* 
Reach - The set max. distance of fault from thu relay lo- 


cation which the rolny can dotuct* 

Over reach - Ratio of- the max. distance of fault from tho relay 

location to tho oet distance for tho relay* 


Under reach 
Set impedance 
Fault impedance 
Instantaneous 
Time delay 


do 


- Impedance of the li*ie up to the reach of the relay. 

- Impedance of the fault ( imp dances) 

- Ko time relay involved in the relay oparretion* 

- Time interval betvmen tho senoing of fault to the 
relay contacts close* 

- Time delf^r inversely proportional to tho operating 

quantity* 

- Main relays 

- Supporting or supervisory rolnye 

- Another name for relay 

Phase oomparator- Relay comparing tho phrsc angles of input quantities 
Amplitude comparator - Relay .comparing the amplitudes of input 

quantities* 

^ Relay comparing instantaneous values of input 
signal 

- Relay operation produces blocking 

- Make the relay immune for certain faults* 


Inverse time 

Primary relay 
Back up relay 
Comparator 


Instantaneous 
Comparator 
Blocking relay 
Blinders 


Dual Input com- - Has two input signals 
parator 


Multi input - Has more than two input signals 
comparator 





Seal to 

flag indiofttor 

Burden 

franoadtor 

Transdufier 

H •€ * oontaets 
N*0* contacts 
luaciliary contacts 

threshold operation 


• Helay contacts are by passed after the seal to 
relay operates#. 

•7 indicator to show that the relay has operated # 
V A Product of the relay coil 

•* Air core coil which convert a current signal 
, to voltage * 

Which produces the proper relay signals from 
. the power system* 
r ETormally closed contacts 
rr Normally opened -contacts 

■“ Contacts other than the main contacts in oircu— 

- it breakers • • - - • - -- 

- Belay is about to operate. Net torque is close 

to zero (l*e. fault has occured at the balance 
point) 


2 .0 Circuit Broakors * 

The function of the relays as earlier discussed is to sense 
the fault and energise the trip coil of the circuit breaker. Now a 
days circuit breakers arc available with opening tiias :of about 1 cy- 
cle. These are called one cycle breakers* Pour types -eif breakers, 
arc normally used for equipment and transmission lanes protections* 

1* Air circuit breakers 
2. Oil circuit breakers 
5* Minimum oil circuit breakers 
4* Air blast circuit breakers 
5 • Vacuum switches • 


The first is used for apparatus protection at low voltages • The 
second is used for feeder protection. Three and four are used .for 
high voltage linos* In the place of air, the iSPg is. also used. Air 
blast breakers for EHV lineshas become standard practice. They have 
a clearing time of lass than a? cycle • Those breakers produce what • 

Is called a« current ohopptog which results in over voltage on the 
system • Switching rosistancos are normally used with these breakers* 
Vacuum switches for high speed fault interruption are being totrodu*' 

oed now* 
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Por important linos the breakers arc provided with a rcolo- 
sing feature • Tho breaker after opening eleJses again after a pre*» 
cribed dead time# The reason for this practice Is tliet tho major 
percentage of faults on lines aro transient in naturo* ifiMJy ara 
callod arcing faults and occur due to the conductor ewintog. Thsro- 
foro.the fault is automatically olanrod* Bvon if the fault is not 
self-<ilearing, the arc gets extinghtshed when the lino i® opened. 

Pig# 5Bhow8 the control circuit for tho romotc oporption® of the 
breakers ♦ 

3 *0 Types of relays t 

Pollowing types of relays arc used for various types of 
protection sc hems'* 

1 « Blectromochanioal typo: 

Here the torque on the moving member is produced by electro- 
magnetic action* Examples of these relays are 

a) Armature attracted type. This is shown in fig. 6(a). 
formally used as an instantaneous relay for over current or under 
voltage detection* Since the torque is non-uniform thoro is contact 
chattering and it has a high pick up to drop out ratia. 

b) Induction cup or diso type rolaysi This is shown in 

fig* 6(b)* The difference between the cup and disc In tho fabrication 
of the stator and the rotor. The torque Is more uniform hero and the 
ratio •aninthacrQtioiof pick up to drop out is more dlosor to unity# 

This relay i» widely used for a large type of reXeys# Most of the 
distance relays are of this type# We shall discuss these later in 
detail# 

2. Thermal relays: 

These relays use bimetallic strips-ead the relay operation 
is based on unequal expansion of the two strip*; These are used for ' 
gpparatus protection# They are not as sensitive as the induction 

oup type relays# Also their drop out value is very low because of 
large thermal, time constant # 



5# Traiisductor relays* 

These relays use the noxiljLnear B - H characteristic of the 
mai^ietio core* Tranaductor implies variable inductance, then the 
core is not saturate i, th . 1 offers a very high impedance and when 
the core is saturated the coil will be almost a short circuit. 

These relays are discussed in the following chapters.. 

4 • loctif er bridge relays* 

These relays also use the electromagnetic action for the pro- 
duction of torque* The .signals to these coils are obtained after 
full wave rectification. These relays. .can be_used both as amplitude 
or phase comparator. 5'ig. 6(c) shows the rectifier bridge comparator 

using signal amplitudes for comparison. It can be observed that if 
Iq Ij, the coil will h9ve a net operating torque and the relay oper- 
ates. Fig. 6(d) shows the opv ration of the relay as a phase compara- 
tor • If the phase angle hrtween the signals and I 2 is less than 
"^/T. the relay op rates. In this case one of the signals i^j acts as 
the poliXising current and permits only one pair of diodes to conduct* 
By suitable choice of the input signals, different types of relay 
tiireshold characteristics can be obtained. These are used as multi- 
ple input distance relays* Details are discussed elsewhere. 

5 9 Klectroiiic relays 

The relays discussed above have moving parts. Due to these 
reasons, the electromechanical relays have some inherent drawbacks ^ 
These are listed below: 

a) High burden on CTg and 

b) High operating time due to inertia of moving parts. 

0 ) Contacts pitting. This results in bad contacts and 

relay mal-operation. 

d) Contact racing# .This is the result of the inertia of 
the moving parts. Due to this, relay co-ordination 

become difficult* 

0 ) Eequire frequent maintenance* 
f) Affected by vibrations and ahocks* 
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Moving contact relays operate due to exLcrnal vibrationii 
like soismic shocks* 

Due to these drawbacks, power syetejra enginocro have tried to 
induce electronic components for fault detections in the place of 
moving elements, ahese are oallod static relays* The advantages of 
the electronic relays ares 

a) Itow burden on Ofg and I’Tg* 

b) lo moving contacts. Therefore all problons duo to inertia 
like higli operating time, contact racing aro avoided. 

o) Require less joaintonance 

d> Not affected by vibrations and shocks otc . 

JL detailed treatment of the elootronic »layo is given in 
the following chapters •_ 

After the advouebjof the solid static .devicco‘|J oUcotronic 
relays have given way to solid state rclrys. Solid st'^to rcleya have 
all the advantages of electronic relays aiid in addition, they are 
compact, more reliable and do not require high voltage power supplies 
How a days, many relay manfacuters aro making solid 8t:ito relays*. 
They aro also enable to adoption of different types of protection 
schemes* By proper selection of relaying quantities, it is possible 
to obtain many desirable relay characteristics. These will be 
discussed later in detail# 




FIG.I. gfFecT Of Sp££D 


*TtM| 




^BJSTANCe 



» 

J 



f\<\2, lOCPil Rfc'LAV a l>6FtN?rfc 

T^Ht I^ELAVl^OOTTfeD CHAR^CTERlS Frc') 












CC t: Coil TC-. TRIP COIL 

"Yfls- R.PveR.s€: RfiLAy (H.'R.y X- closink^ contacts 
CL.T=BPeAKAR SWITCHES pR» RELpy CONTACTS 

c'r: CLOSING} manual TRtPPiNOj SwitchmAnuhL 


FwT. CIRCUIT BRFAKPK CONTROI 





T/NC’^ 

CURRl'*'! 



TRfP 





UDC 


General Purpose Static Relay ufjing Digital Techniques 

A J Ktlteg, Nm«mmber 
Dr L Slfifh, Mtmkr 
m <3 K Dul)«y. F«fkw 


tffielemy atut tcommy in transmission, the tr:mmisslon voimge ts Mng stepped up and 
4w kV trammLisim Itmsarfi alrmdy in operation in umie states, suck as UP, Mahamshmand MP,etc, 
¥*» tH» ^oteeflorr sticfi EUVIUit'V lines, reliable, fast operating and compact rdaying scheme h 

using digUd aireuits with CAIQS logic for the prone- 
ly of EnVlUUV lines, 'J’nt relay has h en cksignedifahriiUitsd and stica4s^a!h' tested in the laboramv. 
This rtiayirtg scheme is expected to bt\ Iviter as compared to the existing ones. > 


NOTATIONS . ‘ ^ 

>' a clock fretpiency 

rjo.'iaa! operatittg I'requen.C'f tc- )\.yf i ‘d)- 

I ' > di* life 

fj » desired frequency to give variabjt; o.-xni ling 

criteria 

It, •'* syfiiettifaulicuueiii’ referred to C^rcociidaiy 

h ' voltage coefiScicnt 

iR *■ replwa arc resistmr madrrtui i smu ex- 
pectw' 

St,$$ »• S'auLuwdaUy varying si ’!vr4" _ 

Vi •* system fault voltage referred to P 'i secondary 

■ I ' 

Zi ’ Impedance seen t>y rf ■' (rdcried !o,s«‘on- 
slary) 

/a - r pli-a impedanen 

a pp<i,s« angk between thv^e sisnul} 

$ 0 « .’igiiybir ertteria 

^1, ■« arqpiar iinits cd phase comparison 

h > totneidtaoe anfle 

j^atk diiiaiiciB rtlay« are coaimoaly used for the 
protection of EHV/UHV ifansmlisioti lines*. Doe to 


1 " * t , 

theij high speed of operafioni accuracy and reliability, 
practically Ho matmenance irnceded oace it is put into 
service. The relays*-*, generally, use analog devices which 
give tielaytil .opirafion at threshold condition. The 
operating time f’ a furtetioh of plrasc displacement and 
ix«o»tes mfin.ity a,U|ie.,Sioundary condition. This creates 
» senous tehy wwy, 'dination problem*. This drawbaclc 
was .;vMCi>Tac by Ranmmot>rty and Lai* by developing a 
conip;tratoi in which the response tinw was kept con* 
slant. The author! used digital techniques and TTL logic 
circuit >, This relay was capable of generating many im- 
portant chariiotcristics such as ohms, directional, mho. 
restricted ohm and elliptical characteristics using variable 
angular criteria for operation. They also obtained 
quadrilateral characterisric, ba«ed iqjon multi-input 
coincidence principle but in a different way, The digital 
tirpc:!!l)’S‘L.tff..t>e good at first, but detailed study 
»bowc.'!j.he.iodo”wii5g genemS drawbacks; 

(i> rftua''cs u'ted- are sensitive to spurious signals 
Hue ff> !q\y noise uamunity, thus the relay 
could be.pfiwifi, to transients and line disturSv 
aoccs. 

(it) i he b!!sic t'omjMtratOf circuit appears to be more 
complicated, rBing more components, hen*.:® 
less reliable, and also uneconoraical and slow 
in opera* i<m. 

(iii) The sanse retav (comparator) may not be useci to 

obtain quadrilateral characteristic. 

(iv) The same cofflajmratew cannot fuisction both at 

cosine compturator and sine comparator. 

These drawlmcks of existing digital relay cm be 
eliminated by using CMOS logic and simple relay 
circuit, This paper presents the development of anjtn* 
proved digital relay and techniques for obtaining differ* 
ent threshold characteristics. Effowrts have been made 
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Jo ketr> the hardware to a to ; . » i- 

nomy and reliability ti^dth fa»i operating um.'. f ICAibimy 
is provided so that the same relay toi'ld be u<ed as sine 
i'omparator and can cater to additional rcquitcincnts 
like power swing blocking, etc. 


IMPjROVED DlGlTAli COMPAIATOB 

The comparator described i^. an i* •■'•('in? t'ic.l 
average type with minimum operating time of 15, pi sec 
under sicwy slate condition and maximum operating 
time 25 m sec under dynamic condition. It is free 
from Ihcdc transicct con»iJu;ient appe<»t i('j- :n Hie fiidt 
current and hen'» this is bound to give better* per* 
formance under transient condition aho. Power swing 
blocking can be applied through AND gate /tp The 
noval feature of the comparator is tiuit it can be used 
as sine and cosine comparator and also as* a muUi input 
comparator giving any desired characteristic. Apart 
from bciag used as single phase relay with slight modi- 
fications, it can be used as a polyphase relay ; thus giving 
addilioiml advantage of cecnom)' and ra^e in relay 
coordination, 


OPERATtNO PlMNaPLE 

Thetwr^input or multi-input phase comparaiot oevc* 
loped is symmetrical. In jciiei;>», tw.Mnpui pIuiH’ .nn- 
parator initiates relay tripping when ii\’ p'uv'C angle a 
satisfies the condition 

/3; U) 

The phase angle < is posuivi when . i avi>« 5’,< 

and is negative when Si lags ,S|. In majority of upplica- 
lions, the angular limit of phn-r comparis'-i. and 
arc 90* afld such contpurato:’. arc culled u- yu ' idtaM: 
comparator* or cosine comparator This gives a direc- 
tional characteristic, the trip a'c.i being on ni'lit nde 
for the variable signal Si as shown by I'ty H.i). I’In 
coincidence of signals Si ^nd S, (IKil ■ *). it moic than 
90% initiates relay ripping, Thu tnppin;: k ve! o al-o'-t 
set tozero, and hcucc (Kt jv. i' 
less, the sanuj up to ± 90' ol,Mr>haM! di''pl.u.cmi,ni. 

The same trlpiiing cbft'nc>er'-.tics i an he obtamed by 
taking sifttal -Si ami a, am» nwa^utiUr .*u. 
coinctdcflcea:' between tiusm. Tripping oi.t-urs when, 

A' >*'> Pi 
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The schenuiic di.igruiit of dipital pha^c cnmparsi'i, 
i.s .shywn (It fig 2, Flip flop F'i ' . u.^ as sym*hnmi/i' 
wheic.i.s F-2 is intopgie mutic Hence, the first pulse h 
F-2 operates the iturnOntulii M-l and saornl pub.; 
opctascs M-2 in such a wiiy that, there c*ist‘ a phase 
dilfciciK’c of ISO" (10 msec duraiian) between lire out- 
puts of M-l and M-2. Monomulii M-f and M-i a.c 
used us pulse stjc< lui svliU'C outputs are AND com- 
p.noiJcd by gate A- 2, 'Hu the openuon o( *oin'i,i,it. 
!oi,t!iwi<sduolf-ci mucni.i • picvcuicddunug ihic'fiokl 
sondilinil The AND fate A- 3 i.s used to block ilie 
obcuuion oi relay di iini- power swing. Nofinntiy, the 
cuniioi input ot A-3 r. ' ci at logic iijbul becomes (0) 
dll'* In the eil'o't ot p.isvci swing, Ht-iice, the ANDgaic 
.A-3 i!.;cs nut 'uss Mgiud and hi no output from final 
.''vND tvatc A .1. 


I'liu ‘.tmiso ''.d 0 nils .S', and A*,. a'‘tcr being converted 
to sniute pulse, it:c t.ivcn to Exclusive-OR gale fEx^OR). 
'Ijiu-, die Q ''Uiput il !■-! is the mca-urc of anfieoinci- 
Cc'uf (tA'tJH) .' hc eas g is tin* mc.tsurc s»l cinncidencc 
(.nNl>'i NOki, 'file mifg.aiing enpa.ilor isfcpla*.'cd by 
AN(» «•;(,(- A- 1 !\,A biiiaty counter BC-I and iR.'-2. 
fvsu . uiiaiiis ,iu U'l-U to uK'tcu'-c the sensitivity of the 
C'linp.irator (/cia kvcideieciionk Thecl»H.kpulwsaieso 
chosen that W p.il es Jia; p;t.s.scd in 5 m set duration, at 
'* ' I 'd ' ; ; VC i oo ' tspgiaiing etibnia. This gives 

th. notnml opcMiing ckak fic^uem y /« as 128 kHz. 
Thcvjwiubie angular ciitena can he obi timed by change 
of clock freiiuency, flute, 


If P, « 90* then Pi' « 270% thus 270" ><' > 90". 

Hence, the same comparator functions as sine com 
parator in widoh tripping owurs when —St Itad* 5, by 
more than 90" over a range <rf 0 to I^". The wavefcwtns 
ore ibowQ Figs I (b) and (c). 
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The above rebdkm can be used to find <wt nety clock 
frequemry so a* to give different operating crilnia Pt- 
Hence, ilie relay can genorate restricted directional, 
restricted ohm, and elllptkiy charnciurisites by using 
lwo*iiiput cowpiHrator only. The same comparator 
can be used »» sine cowfail'aior by Irn'crting any one 
inptii ({hfefMtbif S,) and taking output of Flip flop 
F*I. tm ofteratkMO of the relay a* oosid® comiwirfor 
is shows io Fit 3. 
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(b) Caiadcle/tce > AntloilneideiKt iOperting e<oi^itm 
f}g S OpmahH <»/ coJWWWWof 


ATPIJCAfim Of COMPAMTim 

Tl** coBipurt'o; caiiftiwr»i« may imporumt oharac- 
i«ri%tk* flvii® pwitabl# through measuring 
eirorii. TriflAiCtor* are used »o siiiMdale ihc line Im- 
{i^atnM. TiUf foUowlr® trraniawnt (Pig 4) is us^ 
to dUSffttm* signal* required to prcjuiwa the 

desired clwiitcrffclks, 

tonMim OtMKmcpiAx. fi^v 

fim iii|»iiite to the iwfa^ to eWiii difecUontd charac- 
ttiiitlc ire 


S» ' rand S'* Mm 

This fives ft siiriiglit line AOB» iJassIrtf throaidt 
orififi a •» itl«f Tl^eiWic 5) wth normal 
eMc •*«* #t^«f crileri* oS ±W . 


Restricted directional characteristic ca|i be editained 
by same signals, by change of clock frequency from 
U to/i and /* in such a way that : 


90 



(4) 


^i«90(2 - ^•)aftdiS, -^ 90 ( 2 ~^) (S) 

Hence, any operating Criteria and threshold eharaci^- 
Istic* c«w» be obtaioea change of clock frequency. The 

Undt of change td* dock freq«e«y is from/® to - j, which 

is easily obtained by frequency dividers or variable 
potenllomater. The restricted directional characteristics 
are stinwn in !B| 5. 
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Fig 5 KtstrieUd tSnetivmU nhty 

If xhe iJiputs to relay are — Sj aotl Si the relay 1 'uik- 
tioai av situs conq*arator with same o|wrA*ittg piinciplc. 


Rjgemtctm C^ms Rstait 

The inputs to the relay, to obtain veiic'y of vlvarac- 
leristics, such as ohmr* rearttaaoearnl reitricied ohms or 
ansle impedance, are 

S,-IZa~ rand 5,-/2* 

Characteristic APB is obtained if angular operating 
criteria ^ iJ'd:'?©** *f Ihc operating criiet ia is j8, and ^|. 
the charactmstics A* P£f and A' PB" residts. If the 
signal /Z* has a phase angle of 90'’ with the horizontal 
axis, the resalting characteristics will be a reactance. Any 
type of dbaraetoristic can be la'oduced by varyiitg clock 
frequency In simh a vmy that 

90 ^ 2 *• 
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Qmxt Eturr'CAi. Mito Ro-xy 

It U the starting elfment for n 3*siep distance relay 
and avoids maJopcraiion due to power swing. TImj inputs 
to relay are 

5, « /z* - r 

St . kIZi,¥ V,k<X 

Tliiscen give variety of character isiics by varying llw 
operating ciitcria. If the opcraiinj. crifciia is (±90''), 
the fcsuliinK iharacierisik is ufTset mho as shown K 
curve (1) or Fig 7. 



The offset elliptkal charaeteHnic can be obtated by 
varyit^ clock fVw|»imK!y ftw fmttift and/, to prince 
tairvi no (2> and O) of Pig 7, with t^atiag mioria as 
and Ai. The feiitk}ii 


For line ooo^paraior, the i^ratt to r^y are 
5, -F-IZgaml^-f^a 
aeidthei^Wlli^iioltb^ood for lida case also. The 


^1 MB 9(1^2 *• ^ ^ ^ 

At— 

^spiiiitidffNrtldieffe, 





For &in« cosa^tmtor tlw inputs to tlw rtliy m 

"" V f Zt uii4 ^ K 4” A' Jf Ztit Ai I 

and alHjve thcwi jr holds Rood for this caso also. 

QusDhuATiaAi;. RitAy irnwo Two Compaeatom 

Fig 8 (a> shows tba baste scheme for obtaining quadri* 
lateral chartcttrlitic Two comparators A and B are 
AND compounded tu obtain the dedred characterist.; 
AOBP as shown by Fig 8 (b). Tnc inputs to comparaioi 
.4 iff, 

S, «/2jt-Kand5t -/Zn 



% a (4 rtlof 


j* 



% 8 0 Hornet eheromrtilkt % 8 (0) Starling etmracttrUtia 


which give* wi*rict«d ohms clmrastorislic APB W!!'i 
at <^ratint criteria. The input to comparator B arc 

Se« /Z«aiid5«<- V 

which |lw» restricted direotlonal characteristic AOB 
with cperiting critetia of Hie outputs of Ibe^c com- 
piuaiot* lie, then. AND compounded to give final 
i haia.teristte AOBP. By choosing appropriate value of 
amt Pi and Pg, better ibersbold characteiislte with 
any *!mpe sen be obtained. 

The inputs required for sine comparator are 


Si m iZgig - rand Sg » IZgg 

wfateh giites restricted ohms characteristic APB with p^ 
9 S. operating critwia. Tjje range of tt»» characteristic can 
be changed by varying the value of Z* so that it lies in 
3rd zone of the relay. The input to comparator B arc 

5, =- / Z«, and jf 4 « * / Z*t + y, that is, / Zo + F' 

which gives restricted diieclional characteristic ANB 
with j?g as operating ciitcria. The output of these K>m' 
paratofs ate then, AND compounded to find charac. 
leristic ANBP as shown by Fig 8 (c). Any desired charac 
tcristic can be retained by clianging Z* and and p,. 

The sine comparator to produce the same characteris- 
tic with same theory of operation will have the inputs 
as 

Si » K-/Za«;5, « !ZmlSg*-IZgg 

4?* « - iklZg, + P) « - (IZ*' + K) 

where Z*' /c Z«» and A; < ! . /Zgg is common to both 
(he comparators, hence, only tluec inputs are needc-<i 
to produce quadrilateral characteristic as with cosine 
comparator. 

QUAOWtATBRAI. ChARACTEWSTICS WITH MULTI INPUT 

Comparator 

A two input comparator, usin^ Ex/OR gate, can be 
modified to take any number of inputs, by using multi 
input Ex/OR gate lFig9(a-d)|. Four-input comparatoi 
i* optimum which can give any type of quddrilaterai 
characteristics. As multi- in put Exj'O R gate is not avail- 
able, it is subsituted with AND 1 NOR logic and rest 
of the circuit remains unaltered. The inputs which aifc 
not used are, tied with available signals and the func- 
tion of the comparator remains the same. The basic 
arrangement for multi input comparator is shown 
in Fig 10 (a). 

The input signals needed for quadrilateral charactcrisii,' 
arc (usw only as a dirccitonal dement) 

6’, - /Zi, - F; S, » /B » F; 

S* »=/ 



9 (a) relay 


- r - iz«; Sgrmtzgi Sg-^ tZgi 54 - - r. 


whidb wiil glw sMae chacacterhitei asdlsciwsed abemi. 
ft can Ini sms that IZ* I* emwinoii to both the cw»- 
iwkI tiittij ot^f Ihfci Inswtt «« iieed«<* to pro* 

dwi clMPKiialitte^ 


Obwk < 3s»iDiiRAini^ R«Af imwo lrb«p Cat- 
PMRAfOni 


<patiril«t«rit OwaweiteWie te Ff M*rt- 

dbiMMi ef coBipiiatm- B, 

honcf. tl4 iapHt to ooi»|MifiRor A m 



1% 9 (4 llbriNd rilwaeioOto 
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MMlllMf iMlk# ftk^ 


}H 

t 




t^iJOli^CkiimttfMeiofim' Klti FtmathatmerhHct 

tmmrd 

Zju beiiig ri^plica of Unp ijn;«4&noe uM oirfy as a dirce- 
tiomi element, ff a i“W— % an'I opjmtins criteria 
I* «s db^% the resulting cibaractemie is as shown in 
Pig l»(b) 


choice of Z«t awct !:«•» aod #aratUi« critcvia §> any 
threlhoitt ehneettristir am he oimtiaed, 

UixmmMmilMuMi 

The Giasticai miko cteacteristic can be modified ami 
the eflkt of power iwini can be completely eUiaUnatcd 
by usitu| blinders and adoptini suitable operating crite* 
> fa jSi. Thus, the Inputs to the relay are 

St « /2a * Vl S, "• m; 5, * K, and < 90* 

The icplita impedatice Znt be chanied to Zei 
after the ju;ne*2 time delay, and the operating clrtcrla 
|j are kept equal to #£ for shapping the characterlstki 
as shown by Fig Iv (b), Tiw restutlng chtrtw'terlstks 
resemble* quadrilateral citaracteriitiet. 

A separate comparator wuld be usad for Srd gone 
protmtion in a normal way, but having oimrating 
criteria as which should be lets than P|. If the Inputs, 
to this comparator are 

St - /2*s - KJ .% - mn 4 P; »R<* A < < 90^ 

then the reiultlng ©hartidteristic I* as shown by Fig 
t(Ko). The shape of rfimracterlstic 3 ti tlUpticai which 
it very narrow and iMtnce Immune to tripping due 
toPouwr swing. This could be itt ideal tiariing cnata' - 
terisik for carrier freqtieftcy to clear end none fault 
qukkly by timultftneous tripidAg. 

The block diagram modified mho rtlay >•> 
shown In Fig 10 w* 


The digital relay was tested itathmlly due to non^ 
avallaMUiy oi' Dyoatnic Tbtt Bench. The dli&rent 
characteristios were plotted at ahowii and fotand to be 
very ois^e to the theoretisal oharMittefiftia. Hence, 
smooth curves are drawn puiiag tliroiiili the test 
points. 

The dlreetkHUd property of qtiadriiaterai and inodified 
mho relay wet found by iiiverting signal IZut which made 
the relay liwoerative in reverie dlrecHon. The relay 
remains op«raiive down to very to* Input voltage ; but 
does not t^ate whan the voita|i becontet aero for 
two input comparator. However, Tor multi input com- 
the reuty reaiatos eperativeeven if the votinp 
Mcotiiwiamo. 


This characteristic am be made miMa eensisal^ibto if 
the input signals to relay are COUCtlWON 


Si » /Ze, - F; S', » IR St t - ^a* 

Here, angteec is set eqimi to iserobyaptM oiUy and the 
operating criteria j5| >«#4. Tids ciwti|i» yteld* tfm 
characterktic as shown by Fig 10 (c). 


The lesuitaitt characteristic can be further modified 
if the itipns to comparator are 

s, »» iZai - n m I I* - Fj « iZii, 

tarherto fit < #t so that « « #4.H8t 
,clia#a«:ifrtstic Isas shown by Fig 10(4), 
tlA 

ftHMfiMe Is ganeri^ idwesn. propp- 


the ps^ describes the theory, principto of epers* 
tton and appltoidieiis of the inmowsd digital phase 
co^imrat^ whtotk ondd be tmed for variety of appllca.- 
ttom, iperiicidib^t Ih two*i«pet iood#« givi^ identical 
tdiareeterihtitii M obtoliied % oosieo cotifirator. The 
ttatthtni tthnf is fist in operation and at the same time 
fMjrttoieoocnaitiatlimpristolM as the ttsuimuin 
openbtiftg time it of the, order of 35 m etc at threslmld 
condition. The relay doiiitruettoniisiapie, miiig IC’i 
and togio fid#, atm malam relgy economical and 
retiabto. the same^nriiy eenprodttcoaey ttorired rhaiac* 
tethtto, fitiA ot hignd iigmli aad opmratinif 

critsoli tw reny ondto be need m pobiphase rotoy 
with s%lto immindtofis, eobciowy mtd aho 
vm in riday eooedination. 
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summary 

Almost all the algorithms proposed $t> far 
for the digital protection of transmission lines 
are of the distance type and Involve the ex- 
traction of the fundamental components 
from the complex post-fault waveforms 
through the use of filters, whereas those 
based on the travelling-wave theory need 
only a short data window and no filtering. 
This paper presents two new algorithms of 
the latter type along with the results of 
digital shnutation tests which confirm their 
oiability. 


1. INTRODUCTION 

Because of recent advances in the field of 
minicomputer* and microprocessors, digital 
protection of transmission lines is going to 
become a reality in the near future. Digital 
protection *. f transmission lines provk' -s 
improved performance in terms of speed wf 
operation as well as flexibility of obtaining, 
with ease, any desired composite threshold 
characteristics. With suitable .^software logic, 
the protective scheme* can be made self- 
checking and, with modification* only to the 
software, any desired alteration of Uie thres- 
hold characteristics can be accomplished. A 
considerable amount of work in the field of 
d^ital protection of transmission lines has 
been reported since the late l9B0s. Tliis has 
been confined mainly to different types of 
algorithms for computing the impedance 
between the ralayuig and fault points as 
accurately a* is tenable with h^h-speed 
requirements. The algorithms prapoted up 
till now can be Isroadly claasi^ed Into two 
groufm: (1) dktsmee relay algorithms and (2) 
travelling-wave relay algorithms. 
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The post-fault waveforms in the fust one 
or two eyeries after the rMH unrencr of a fault 
comprise a power frequency fundauicnl.i!. 
an exponentially di’caying IK' component 
and high-frequency transients. 'I'hev nlvi 
contain sulitranslcnt and transumt })««v ' t* 
frequency components if the lirte faun is 
near a generating sourcj*. The fir^t categ' ry 
of algorithm* involve earn putnt ion of the 
impedance between the relaying «ind f u.it 
)K>ints from the fundamental component,- uf 
the voltage and current obtained by suppr^ - 
sing other compommts through Idlers nnd 
line modelling, whilst the *w*<ind caU*Hory 
utilises the complex waveforms as they arc 
for making relaying decimons. In this paper, 
a brief and critical overview of lh»* distance 
relay algorithms is given first m order to brniR 
into focus their Inherent limitation**. Next, 
two new travelling-wave relay algorithms, 
whose viability ha* been test<*d on a digital 
computer with the fault data generatetl by 
the digital simulation of a sampU* jaiwer 
system, are prewmted. 


2. OVKRVIKW OF THK DIHTANCE RELAY AL- 
GORITHMS 

These afeoDthms aim at extracting the 
fundamental power frequency ci»mi>onent« of 
voltages and currents from the complex post- 
fault waveforms and then determining die 
Impedance between the relaying and fault 
points, fkttk’ilty, there are four digital 
methods of determining the Impedance from 
the fundamental componoits. In the first 
method, the magnitude of the impedance is 
calculated as the ratio of the peak voltage to 
the peek current and its argument as the 
difference between the phase angles of the 
voltage and ctunrent, The peak traJuM of the 

Cl IriMViar gaqaoiik/Rrlattd la 'Dmi N«tte*rl«nds 



vditagf* ind curr(>nt and the phase anfde be- 
twem 4hcm can be determined either from 
i.amiple« of the fundamtntai components 
extracted from the wwemble of samples 
collected over one full power frequency 
period I J }, or they can be predated from a 
much smaller number of samples of the ftue 
damental components by means of the 
values of the samples and their derivatives 
12}, or of their flwt and siwnd derivatives 
{3}, or of the samples and the sampling inter- 
val (4}. In the second method, the fundamen- 
tal components of voltage and current are 
delennined in the phasor form, from which 
the real and imaginary parts R and X of the 
pseudo- impedance seen by the relay can 
easily tx' ev^ualed fh-lSJ. fn the third 
method, the line is ijKMleUed by differential 
equations, the numerical solution of which 
yields Ihe values of * and X il4 - 19}. The 
advantage t»r thii, mefliotJ is that H is neces- 
sary to filter out only those components not 
covered by the line modelling. For example, 
d 0«' !««»• is rii'.'delled by a serM-s RL circuit, 
then there is mi need u; r uui liu- DC 
offset component. Also, this method allows 
ir. deal with cases like series-compensated 
le.t i> (!«.} ft) U«' I'liurth the 

impedance is detenninetl duccUy in pta,or 
form from the ratio of the fretjuency-domain 
Viilu^’' of the fundamental components of 
the vuliage and current by tiu* riinte trans- 
form method |201. All the methods which 
require samples over one full fundamental 
period for the computation of the p.spudo- 
impedance cTer no ettonomic atl vantage ‘t 
comparison with soli<i state iday:.. fh'* ot 
wanted components of the post-fault wave- 
forms are suppresae<i by various types of 
filters in order to obtain th“ 
components. Both analog and digital filters 
which have been proposed and/or usik.1 for 
this jiurpose are desi-ribed in the following 
iv.'tiors, 

2.1. Analog filtern 

1'he mimk* impedance u.sed in the current 
tr4nsfor,'ine: si'condaity plays the role of an 
anahig fiiUfr inasmuc h m it filters out the D€ 
offsc't m the current signal, Complete suppres- 
mm of the IK^ offset is, however, impossible 
since rxact matching of the X/R ratios of 
the primary ami s«'ond;iry chcuiis is difficult 
owing to the fact that the X/J? ratio of the 


primary circuit up to the point of fault is .i 
variable. Some algorithms 12,3,8} assumco 
employment of this filtt*r. iiJC low-pass filtcfs 
with a suitable cutoff frequency have lH>cn 
used to filter out the high-frequency i.ompo- 
nents In the implementation of some of the 
algorithms |3, 6|. The fact that a single an- 
al<xr filter cannot supprm all the unwanted 
components and that these are slower than 
the digital filters led to the development and 
preferential use of the digital filters. 

2.2. Digital filtera 

The various types of digits filters whicn 
have been proj)oM’d and tested are dcKcribed 
below. 

Notch filters 

Two orthogonal notch filters with sine 
characteristics have- been used to extract the 
fundamental components after elimination of 
the high-frequency components by an analog 
low-pass filter (2, 21 }. 

Selected harmonic fitter 117 } 

While tlie differential equations of the lint- 
are being solvetl by numerical integration, 
the intfitration is carritxl out over a certain 
tiUiiibi-r of overlapping suhiniervals with 
required end points. This results in the elimi- 
nation of certain harmonics and their mul- 

i^eoftC’Square^error filters 

In one type, the deficiency in mtidolling 
the line by differential equations is treated as 
an error and solution of the model parameters 
is obtained subject to minimisation of the 
mean of the squares of this error tiver the data 
v.icdAw }t5, 19}. In another type, a poly- 
nomial fit (for e.xample, a straight-line fit over 
three points, a quadratic fit over five points 
or a cubic fit over s<*ven {K>ints> is d»-t«‘nnined 
subject 1.0 the least-square-enror crit«‘rion |!l, 
8}, By differentiating this polynomial, the 
necessary' time derivatives can lie h?und. In 
yet another type, a waveform containing a 
diH’aying DC offset, the fundamental and a 
desired number of harmonic components are 
assumed and the Icast-square-error criterion 
is applied to determim* the unknown para- 
meter* of the fundamental component {10, 
22. 23|. All those filit-r* are rutlier slovr and 
their m curacy depends on the data window 



ai 


as well as the number of samples per cycle 
1241. 

Orthogonal tran$form filters 

Of these, the Fourier transfrwnm filt,«‘r is 
the most widely used: it utilises siiu* «»<.. 
cosine functions as an orthogonal set 
9,12,25,26]. This filter suppresses all the 
unwanted components and therefort* offers 
the best accuracy, but it reijuires a data 
window of one KtU fundmnental period. 
However, filters employing data windows of 
half a cycle and less than half a cycle with 
tolerable errors have been propoSMl 18, 12}. 
Filters using odd and even square waves ]7|, 
Walsh functions 113), sample values and their 
d(‘rivatives (2}, and the first and .second 
derivatives of the samples (3) a.s orthogonal 
functions have also been propoM'ii. 

Finite transform filter (20) 

The fundamental frequency impedance is 
determined over a finite data window by 
canying out the filtering process m thi- fre- 
quency domain through the use of the finite 
transform method. 

Kalman filters 111) 

The non-fundamental components in tin* 
voltage and current waveforms are con.siderKl 
as noise signals. The noise signal in the vtdtagc 
waveform is considered as a white noise 
sequence with decreasing variance, and tiiat 
in the current waveform an an exponenua! 
process plus a white nofew! st^quence wi*h 
decreasing variance. Tlmn, i V ■ 
filter is used to extract the fundamental 
voltage phasor, and a thrw-state Kalman 
filter to extract the fiindcw's'td 
phasor. The error in this filtering proem ha-s 
been reported to be less than 1%. after half a 
cycle. 


3. TRAVELLINC-WAVE RELAY ALGORITHMS 

This group of algorithms uses the complex 
post-fault waveforms as they are for maicing 
relaying decisions by means of travellirf-wave 
techniques. Two distinct advantages are 
offered which lead to high-speed operation. 
First, Uiere k no need for lather ansdog or 
digital filters and consequently the time 
cMhiys associated with them are eliminated. 


Second, a very short data vs>inr!ow can be 
employed. As a matter of fact, the Mimidmg 
interval should be small ••nough tti avoid 
aliasing errors 1he .sampling frequeivy should 
be at lea.st twice h.s great as the cutoff tu<- 
quency of the (umsrlurers in order to avoid 
alia.sing errors Thus, with .• lurrent voHag.. 
transformer of cutoff frequency 2. .5 kHz. liu- 
sampling frequency should be at lea-il 5 kHz 
and the sampling mterv.il 2dd p*. ll e> re- 
ported (27) tliat '■ueli a santpltm; 'iite''v*jil 
may not In* aderpmte to c.irry out the nece% 
sary digital ituplcmentation Howi-vj-r i' i 
IwlievHi by the autti.if'. that with the high- 
speed analog-to-digital convcrsiMn eqtni no f.i 
and digital cornpu'iTs .e'iu!:d»!c .it pr^'ei.i, 
thi.s sampling interval woold In- Huffutr'd u. 
derive and store the six digit .il s.mijtlcs of i( < 
phase voltages .uul hie- « .irfciit' Mfio to « .iriv 
out the siiiq le fault d'det lion Miguritbin i* 
nerdwxl in Hus paper. V« r,v few algorit' iiH in 
this eateguiy have Imh'ii propO‘.e<i so far |*ldi 
most pfobulily ‘»wuig to the f»i t that lie 
travelling-wave rehiying concept is relative^ 
new. 

Two nev. algorithms in this eaiegury «r> 
presented m itiis paper. One is tnised on 
amplitude comparison of the relay injuits 
ami the other on a fauli lcM aimg r»‘lay (29, 
3b I . F.ich .ilgi.ritlur, mn he split into two 
parts, fault deteetioii and relaying ‘I'he fault 
detection algorithm is mnnrnon to liolh and 
therelofi- 1 ., described first 


l I stq.T l*KTKl“JltiN M.CtClIimi.M 

This algorithm is similar to that propowH! 

\Ur<'\ md Morrison {31}. t>m* counter m 
provided for each phasi* voltage, The diffi'r 
erne between tlie eummlly sampled instan- 
ianeouft votive <»f each phmw’ and the corre- 
spotidiiig one in ihi’ previous eyrie (which 
has twen stored) is computwl and storeu. 
Theme differences, up to ont' i.yrle after the 
occurrence of a fault, are lt;e fault-generated 
copiponenls ansi are used m the relaying algo 
rithms dfsordMfd }aU*r. If for any ptiase thi.s 
differeiMfe is greater than the previously 
stored vglue, then the counter of that phus* 
» inertin'ented by L Otherwise, the counter 
is decremented by I, If it la not already aerti. 
The latter ensure* that no maloperation takes 
place due to iqfturious spikes. When tne 
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counfcirr of any mictipt a preiet value, 
a fault i« astunmi to have occurred. Then, 
the lampling it autpended, the transmitter is 
swiuhed off from odier jobs and the relaying 
pmgam is executed. The setting of each phase 
counter it taken to be S for the amplitude- 
comparison relay and 10 for the fault-locating 
relay. A higher lettir^ for the latter is neces- 
sary to collect an adequate number of samples 
of faulHienenited voltage components in 
order to execute the algorithm. The setting 
for the difference of voltagim one cycle ^art 
is chosen at 0.06 p.u. for both the relays and 
is based on the assumption that load fluctua- 
tion* do not lead to voltage variations of more 
than 0,06 p.u. The actual value for this setting 
can be determined by conducting digital fault- 
simulation tests on the power system. This is 
very simple and can easily be carried out 
within an intersampling period. 


!i. AWPUTUDE-COMPARISON RKLAYiNd 
.St’HKMB 

5. L Principle of operation 

After the occurrence of a fault, the voltages 
and currents at the relaying point, as at any 
other point in the power system, can be re- 
garded as the sum of the prefault and fault- 
generated component* [30, 321, The fault- 
generated components during the first whole 
cycle after the fault occurrence are used for 
relaying and are computed by the cycle-to- 
cycte compari-son method proposwi by Matin 
and MorrLon |31). Although the fault data 
for testing algorithms are generated consider- 
ing frequency dependency of the line para- 
meters amt without the assumption that the 
line is transposetl, the inputs to the relays are 
compuUHl on the assumption of a perfectly 
transposed line. To cater for all types of 
faults, three relays, one for each mode of 
propagation, are used. The inputs to the 
relays are as follows: 

Model 

Mode 2 


Mode 3 

where c/** and Cf®’ are the modal com- 
• ponents of the fauit-generated components of 
the phase voltages at the relaying point; 
i/^\ and are the modal components of 
the fault-generated components of the lim* 
currents at the relaying point; 
and Ihe setting resistanci's equal, 

respwtively, to what would have iieen the 
surge impedance.s of the three modes had the 
line been lossless and perfectly tran.spo.sed. 
That i.s, 

2C^)V'^ (2ai 

and 

l(/^. ■■ Lm)HC, + C„.)l ' - (2hl 

The propagation of travelling waves of 
voltages of each mode, upon the occurrence* 
of a fault, is depicted in Pig. 1 for a fault 
ahead of the relaying jioint, and in Fig. 2 for 
a fault behind tlie relaying point. It is well 
known that the current and vblt^e of each 
mode have the following relationship: 
for l>ackward waves, 

p » -■ (3a) 

for forward waves, 

V ~ +Zoi (3b) 

Accordingly, the relay signals for each mode 
for a fevr micro8r*conds after the waves have 
reached the relaying point are given for an 
internal fault by 

S»»-A'f(i + H«j2o)% (4a) 

and 

Sa “ -pJCdl + R^JZo)Vn (4b) 

where Ki is a factor which takes into account 
the effect of the fault resistance, Z^ is the 
surge impedance of the mode concerneti, Ujf 
is the corresponding modal component of 
the fault-generated components of voltages at 
the fault point, and p, is the reflw.'tion coeffi- 
cient at the relaying end of the line. Since 
Ipg! is always less than unity under actual 
conditions, except when the relaying end is 
on open circuit, it can be seen that iSjt > 
ISjl. And, for a ifauil behind, the relay signals 
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Fiji. 1. Lattipu (IwRrarM for a fault ahaa<! of lhi« f«* 
laying point. 


tht‘ line through $. c«rrl<T trhiinnel, the eireuit 
breakers at fcK»tfi <'nfia are tnt>}«*ti. Upon th<* 
(K!t‘um‘i)ee uf a fault, whether external or 
inlerual, the transmtller is swilehed off frtjm 
<»ther use.s. if any. When the fault is ahewi, 
the transmitter is started ami a carrier ia sent 
to the other end. Rec*eipr of frinn the 

other end and indiratiMK of u fault aheuti of 
the local end indicate m internal fault. When 
the faull IS trehiml, tlie Ir.msmitter is blocked 
from Iwinj! started sidmeijuentiy by itu* back 
ward waves cominK from ihe fault ptnni and 
tlie remcde end after refi' ••' on. 
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Fig 2. 

point. 




Lattice dtAgram for c fault b»hin(t lh« reltying 


for a few microse<;onds after the waves have 
reached the relaying point are given tor each 
mode by 

•Si * 0 (6a) 

and 

S 2 » (i -e p„}K,(l + ^5b) 

where p„ is the reflection coefficient of the 
adjoining Une. Therefore, for an external 
fault, Ifif,! < Iflijl. 

However, the modal armpoitenti of volt- 
ages and currents are computed on the 
assumption of a perfectly transposed Une and 
therefore the relations given in eqns. (.I 1 ) will 
not be satisfied oxatdly. Accordingly, the 
conditions j5,| -- }Sj| > 0.05 p.u. and IS,! ~ 
{Sjl < --0.0S p.u. are used to indicate, re- 
spectively, a fault ahead of the relaying point 
and a fault behind it. If, at both ends of the 
line, the fault is found to be ahead of the cor- 
responding reteyir^ points, Wien the fault is 
internal i otherwis©, it is extemid. In the event 
of an intewal fault, confirmed by an ex. 
chaise of Motms^lon between the enife of 


5.2. RHavmM algoHlftm 

The mmlal euniponents of fh« vdlngi'? 
and currents are givmi h\ D,' !' ’ ■ 7 ,,, |/j» ' 
and ii*’*'*" r,„ ’ rt'Sf'e,iiv«’K , when 

Trt, IK ehojM'n to be the Karrenhauer trail* 
formation matrix , 
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The computational effort is rerlucei! by 
computing the modal comr>«ment« without 
dlvif.k»n by .1: thesi’ are termed modified 
m-itlal eomponenls m this paper (tonwnuent. 
ly, the iy{H>-offauH detei-tioii rriteri;i an- 
modified as fnlluvn.: 
for hubs ipe^ad of the relay iiig point. 

iS",! |5'ji>fl.ir) 

for faults liehind the rehivhig point, 

ISM -ISM-: ' fU5 

S\ and .'?'j are the motUlie<| rf.|ay iiipuis 
evalURied with the ntoiJified mixla! compo. 
nents of the voltages and currents. With this 
modification incorporatetl, the ndaying algo 
rithm is as follows. 


Sts^ 1. Odcidata, by the cycle-tcwycle 
eonfifmrison method, the fauH-generatixl com- 
ponaiili of all the line 1 urrenta for five sarn. 
pie sets tmckwaiids from the aH at whii h 
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the fault detection algorithm had yleldwi a 
logical ‘yet’ output. 

Step 2. CSalculate the modified modal com- 
ponents of the fault-generated components 
of the phase voltages and line currents for th<' 
earliest sample set first. 

Step 3. Calculate the modified inputs for 
al! the modes. 

Step 4. Check if |S',t - IS'jj > 0.16. If »o, 
a fault ahead of the relaying point has occur- 
red and, therefore, start the transmitter. Also, 
if carrier signal is received from the other 
terminal, trip rite circuit breaker. If not, 
proceed to the next step. 

Step 6. Cheek if (S',! - (S'al < *“0.15. If so, 
a fault Iiehind the relaying point has occurred. 
Therefore, block the possible i^arting of the 
transmitter subsequently by the backward 
wavi» coming after reflection at the fault 
point and remote end of the line. If not. go 
to the next step. 

Step 6, Take the next sample set and go to 
Step 2. 

It can be seen that this algorithm Is very 
simple and therefore, can be implemented 
even with a mieroprompsoir system. 


8. FAUt .T t,OCATrN<? RRLAY SCHEMK 

6.L Principle of operation 

'ni.is scheme is also composed of three 
relays, one for each mode of prop*^ation, and 
caters for al! types of faults. The input sipnal 
pkirs to the relays are the same as in the pre- 
vious scheme. In this scheme, the signal S 2 of 
each mode is used to detect the forward 
waves, if !S;| nxi'ct-fts a pre.sel which 

ir taken as 6,175 p.u, 133] in this work, the 
inU'ina! fauit-detection program is bypassed 
and a transmitter, which sends information 
to th<' other terminal of the line to suspimd 
the execution of the program there, Ls started. 
For j( fault iiehind, the first ttaveliing waves 
reat hing the relaying point are forward and 
theri'fore, as tan be .seen from eqns. (5), 
i.S’jl excteds the setting first and desired 
operatiijn ensue.s. The program which imple- 
in<*r ’,H this algorithm is termed the forward- 
.cavc-deteclion program. 

Upon the ntcurrence of an internal fault, 
the value of (i'd increases rapidly from zero 
(o A'fKl + at the instant when the 


travelling waves n‘aeh the relaying point. For 
a bolted fault, Kt- I and, with perfect match- 
ing between and Zt„ 1 + = 2. 

Under these- ideal conditions, (/S'!! will be 
equal to 2|c„|. Assuming that % *» V,tm ^ 
sin(W(,f +*v5o)i ri'®' maximum slope of iS,! in 
lietwetm sudden or rapid increases may he 
equal to 2woVf,„,v The instant when the 
waves reach the relaying point for the first 
time is determinetl by computing the slope of 
IS) I and checking if it is peaier than 2cjo V,,,,.. 
Then, a signal is produced to tiiock the starl- 
ing of the transmitter sudsetpif-ntly by the 
forward waves. There will be a .second rapid 
increase in jSji when backward waves come 
again from the fault point after reflection 
(30}. The instant at which l.hr-, lakcii pteco 
is determined as when the first, derivative of 
l.Vjl exceeds 2p*6aoV’«„,. The inclusion of in 
due to the fact that the voltape ansi * u/'fi-nl 
magnitudes get reduced by this factor wln n 
the backward waves reach the relaying [loint 
the M'l ond timt* (Pig. 1). The time hetweer 
these two instai'its, wiicn intiltiphcd with’ du 
velocity of propagation, gives twice tht 
tti 5 tanc(? of the fault from the relaying point. 

In the '(.’Hm' uf a fHuh OMvn.ng at /'Tc 
voltage, the aiiove algors ci mi tloe,s not work 
7’he procedure is then repeated with th< 

• eiT'ivl denv.itive.s of iS^\ and with .M-Ping! 
uf and for detecting the 

first and second rapid increase.s. respectively 
In the case of equal reflection coefficients ai 
the two ends of the protected line and a faul 
rjisistance equal to one iiaif of the surge im 
pedance of the line, thqre will not be a secom 
rapid increase in |Sil or in its first derivativi 
for a fault at the middlr- of the line. Also ' 
for a clo.s<*-in fault, the time interval hetweei ' 
Die first and second rapid increases voulc 
be too short to be evaluated by this algo 
rithm. In me former case, a trip sign-al i 
issued after the first-derivative and second 
uerivative programs have been gone through 
and in the latter case after the detection o 
a rapid incrc'ase in either the first or secon< 
derivative of t6’j! over a certain number 0 
consecutive sampling intervals. The presen 
scheme is un extension of an analog schem' 
propoised by the authors i 30 j . 

6.2. Relaying algorithm 

Division by 3 In evaluating the moils 
components of the voltages and cuwents i 



eliminated by using the modified inputs 
S' I and S'i as in the previous scheme. Awt)r- 
dingiy, the condition [S'jl > 0.525 p.u. is 
ust’ti for each mode to flctecl the forward 
waves reaching the relaying point first. The 
first and second derivatives of |5'|! at any 
sampling instant are c .imputed using tin* 
following numerical differentiation formulae 
1341. 
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where S'u + ,, S'^ ami S' ,,, , are the modifiiHl 
signal input* computed frW (1 * l)th, fth and 
(( -- IHh sample sets of voltages and currents 
and At is the samptiig; interval. The first and. 
If necessary, the second derivirtives am to be 
computed repetitively, and hence it is imper< 
ativft that the computational effort be re- 
duced. This is aocompiishod by modifying 
the criteria used to detect the first and second 
rapid increases in JS'il, as AS’,^, > X 

At and AS’,., > 6p,<OoV'fjta,At re^wtively, 
and the criteria to detect the first and second 
rapid increases in d(iS',ll/d{, as AS'(a> 
6wo*V|to(Af)* and AS\, > 0p,WoV««<AO* 
respectively. Also, a rapid increase m iS',1 or 
d(]S',B/dt may ^an two or three consecutive 
sampilng intervals, in which case the fault- 
location computatbn goes wrong. Hus uif- 
fkmlty is surmounted by a suitable Iqgic de- 
scribed in the ai|p)irithm given below. With the 
above modificattona incorporated, the relay- 
ing algorithm is as follows. 


Step I, Calculate, by the cycle*to-cycl« 
compariion method, the fawlt-generated com- 
ponents of alt the line currents for twelve 
sample sets backwattls ftom the sample set 
at whbh the faultKietection a^orithm :^ilded 
the higical *ym* output Hi# two extra sample 
sets aft used to partly cover the interviy 
immediate^ preceding dm anival of wav^ 
at the point. 


SU'j) 2. I aim late the mfrfl irk'd modal com- 
ponents of the fault-generated components of 
U'.i voltages ami currents. 

Step y. <■ .iieulate the mridifnvl signal inputs 
for all the mocies and for all the sample sets. 

Step 1 ClU'ck if |.9'jl > 0,.')25 p.u. for each 
nuule. If tcis is so for any mode, stop further 
exeeutitrn of the relaying program ut this end 
and ‘iiart the tran.smitti'r which wnds informa- 
iion to Uu> '.tie r end m order to stop execu- 
tion of the relaying pn>gntm there also or to 
bUH:k tripping. If not. proeeed further. 

Step .5. f’aU'ulate, for each mwle, AS’,., 
ami ehei'k d it is greater than Af. 

If not, lake the next set of rntMlified inputs 
and execute Step 4. If »<o do not go again to 
Step 4. t the time eounler to the value of 
the time eorresponding to this sample set. The 
time counter setting and rapid- mrreas# detw- 
llon cnieiion remain the same if the altove 
condition is satisfietl over fon8®«'ulive sum 
pling interval*. If thi* happen* for lour • <m- 
lecutive sample set'i, an imlk’Slton that the 
fault i» cfose-m i* ouifiut. Otherwise, change 
the rapM'increase detection criterion to dp, x 
u}(,Vam iit When the latter condition i»*alis« 
fled, set the iintc « oui.ter to ihc eurre.ti time 
minus the previous setting. Stop further 
execution of the algorithm, comiiule the 
disUnce ui Uh fuuii .md output thi* value as 
well a* a logical ‘yes' for tripping. When thi* 
hUfp yield* no remits, go to the next *tep. 

,%ep G. U«*j»eal the algorithmic pro» ixlure 
of Step 5 With the second derivatives of the 
signal If?',! for ewh mr»de with the rapid- 
inemtae detection criti'ria of 6Ww*V',{,„(Af)* 
and 6P|W()*V'„^(A0*. If this stejs also fail* to 
yield a result, go to the next sti-tj. 

Step 7. Under these condition*, the fault 
will la* at the middle of the line. Output an 
indbation to tins effwt. 


7. TBSTINfJ Off AIAtOKlTHKIg BV PlUITAL 
SIMirLATlON 

In order to test the proposed algorithms, 
fault data aie genmiled for a desired type 
of fiutt for two cycles, one pie-fauli and one 
post-fault, by employing the digital Simula- 
tbn t««hnk|ites tbaevibed in an earlier paper 
by th# witliofni (00|. Hue ampHiudMompari- 
son reiaying b^rithm is tested using the 
fault data computed for an intemal fault at 
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the remote end (nifridiKi P|) of the protected 
line tnd fc»r an external fault (at the point 
marked Pj) in the four<but power tyatem 
shown in Pig. 3. Each source is represented 
an equivilent luinp«d*parameier model 
with phase inductaaices cakulated irom the 
fault level •qpecified and neutral impedance, 
from an assumed »tb of of 0.5 st 
imwer frequency, AH Ute lines am 128 km in 
lertgth. A three*phate fault through a fault 
reskdance of 100 £2 with a fault initiation 
angle of 0* is consldeied. Tlte quantity IS'if — 
IS'sf it cakulated for each mode and the 
results are given in Pigs. 4 and 5. The fault* 
luciding algorithm is tested using the fault 
data evaluated for a single Hne*to>ground fault 
on phase a at the rtmote end of the protected 
tine of 200 km in lemfth in the power system 
shown in Pig. 6. In this case, (he sending-end 
f8E> and recewing-end (RE) sources are con- 
skiered to be composed solely of transmission 
lines and cables and to have net surge impe- 
dances equal, reig>ectively, to 1/9 and 1/4 of 
thf' power frequency surge impedance of the 
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Pig. 3, A fMir-taus tanxtl* power ayatwn. RJP. •• r«- 
taring poteti vsHiwi in unita of OVA refer to sbort- 
elieuit levels. 
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Fig, 5. Thw phase acternal fault: H| « tOO il and 
^0 0". 



Fig, 6. A trammiiaion hntr imersconnectifig two 
powtr ayatema. 


protected line. A fault resistance of 100 £2 
and a fault, initiation angle of 90® are consi- 
dered. The signals 18’tl and iS'ji are computed 
and the results are given in Figs, 7 and 8. In 
both the sample power systems considered, 
vtw.h tranwmisswn Hue is a typical 400 kV 
quad-conductor single circuit of untransposed 
construction. An earth resistivity of 100 £2 m, 
(Wd frt't.jin'ncy dependency of all line and 
earth parameters are assumed. The remaining 
data f<» each line are those given in Table X 
of ref. 30. The sampling interval is taken to 
be 200 ps and the peak value of the pre- 
fault voltage at the fault point i.-i assumed 
to be 1,0 p.u. 
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fli. 4. intanuil fault: Ar • 100 SI and ipt, Pi*. 7. Singte-phssi' Jtw to-grocad f««£t on phase A: 

■ 0*. Af * 100 QandvJo* IKf'. 
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Using the fault data, the fauH-detit tion 
and leiaying pn^runs were run on the DEC 
lOftO computer system at the Indian Institute 
of Technology, Kanpur. In both cases., the 
CPU time was found to be less than I ms. 
However, eight Munple sets in the first scheme 
and fourtwm in the swond wein.' n-quired 
to detect the fault. So, the total time of 
operation ww about 8 X 0.2 + 1 ■ 2.6 ms in 
the first cii*c and 14 x 0.2 + l • ms in 
the second. Since the object of the paper 
was only to test the algorithma, only one tyjje 
of fault is considered in each can*. 


8, CONCLUSIONS 

The digital simulation twts carried out on 
the two new d^itai travelting-wave algorithms 
pKHNMod in this paper established their feasi- 
irility. The heart of these d^tal schemes is 
the fault-detiiction a^h>HUim, which is tjulte 
simple. With this fault-detection algorithm, 
not only the relaying algorithms employed 
in this p^, but also the anaiog twwelUng- 
wave relay schemes proposed by others f83, 
35, 361 can easily be implemented digltaliy. 
There being no need for any filteriic the 
travelling-wave relay algortthms «« supeiibr 
both in terms of scewacy as well as speed, 
and therefcm will ultiinately su|gdant the 
digital algorithms fci the digital (Hoteetfcm of 
tittitsmisskm lines. 


NOMENCI.ATt KK 

C„ C„, self and mutual { apacitanccs of line 

I.,. f-m ‘'*•11 and mutual inductances of line 

, relay Bi*ttmg resistance 

.9„ Sj relay input signals 

At wnnphng interval 

I'ffm .ifnj'litude of fault-genehited com- 

ponent of voltage at fault point 
vt. If fauH-gencraied components «t volt- 

and current 

25(, surge imfX’danee of line 

p reflectkm ctH'ffk’ient 

fault initiation angle 

Wu nominal system angular frequency 

Super$criptM 

i, 2, 3 eomponentiof modes I, 2, .1 
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